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Abstract
Aitken, Alexander Lance. MS. The University of Memphis. Summer 2015.
Phylogenomic data resolve the phylogeny of weevils (superfamily Curculionoidea).
Major Professor: Dr. Duane McKenna
Superfamily Curculionoidea Latreille, 1802 (weevils) is an extraordinarily species
rich clade. With 61,851 described species in 5,584 genera, weevils account for 16% of all
described beetle species (389,000 beetle species). The purpose of this thesis was to
reconstruct the higher-level phylogeny of superfamily Curculionoidea using a newly
developed approach for generating phylogenomic data, known as “anchored
phylogenomics” (AE). This study marks the first time that AE has been used in beetles. A
total of 70 weevil species from all families and most subfamilies were sampled including
two outgroups. All families were recovered monophyletic, except Nemonychidae, which
was rendered paraphyletic by Anthribidae. We recovered the first maximal (100%)
maximum likelihood bootstrap support (MLBS) for a clade containing Brentidae and
Curculionidae, which were sister groups. Relationships in this study were congrutent to
previously published studies; however, this study provided stronger statistical support for
family and subfamily-level relationships than previous studies.
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Chapter 1: Literature Review
The Superfamily Curculionoidea
The extraordinary diversity of beetles has long fascinated biologists, including
such formative figures as Charles Darwin and Alfred Russell Wallace, and continues to
captivate professional and amateur entomologists, children, and writers alike. Perhaps
none have characterized the extraordinary diversity of beetles better than the British
biologist, J.B.S. Haldane. When asked by theologians his thoughts on the “nature of The
Creator”, he answered that He must have had “…An inordinate fondness for beetles”
(Hutchinson 1959).
Weevils belong to the order Coleoptera, suborder Polyphaga, series Cucujiformia,
superfamily Curculionoidea (Bouchard et al. 2011; !lipi"ski et al. 2011). Curculionoidea
and its sister group, the superfamily Chrysomeloidea (leaf and long-horned beetles),
together comprise the informal clade Phytophaga (Farrell, 1998). Curculionoidea is
monophyletic in most, but not all phylogenetic analyses of molecular and/or
morphological data (e.g., Farrell 1998; Gillett et al. 2014; Marvaldi et al. 2002; McKenna
et al. 2009; McKenna 2011; Oberprieler et al. 2007).
Curculionoidea is one of the largest and most diverse superfamilies of beetles,
with >61,851 described species in 7 families and 5,584 genera (!lipi"ski et al. 2011). The
number of described weevil species is projected to grow considerably in the future as
more and more undescribed species are studied and named. For example, samples
collected by canopy fogging in the Neotropics indicate the true number of species of
weevils may exceed 85,000 (Erwin 1982), and Oberprieler et al. (2007) estimate that
there are more than 220,000 undescribed species in the family Curculionidae alone
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(Oberprieler 2007). Currently, 40% of described insect species are beetles, and 16% of all
beetles are weevils (!lipi"ski et al. 2011).
Weevils inhabit all vegetated terrestrial habitats and some aquatic ones at nearly
all latitudes and at all but the highest altitudes (Oberprieler et al. 2007). Weevils are
associated with a diversity of living, decaying, dead, and dying plants or plant parts. Most
species are associated with angiosperms, including their bark, buds, flowers, fruits,
heartwood, roots, seeds, stems, and twigs (Zimmerman 1994a).
Introduction to weevil classification
Weevil classification was first established with volume 1 of the 10th edition of
Carl Linnaeus’ Systema Naturae, in which he described the genus Curculio (Linnaeus,
1758). Linnaeus described 80 species in the genus Curculio, making it the largest genus
of Coleoptera (22 genera were described at the time). Of the 600 beetle species in this
edition, weevils made up 15.8%, which is remarkably close to the ratio today
(Oberprieler et al., 2007). The superfamily Curculionoidea has gone through many
family-level revisions over time. Sixty-eight years after Linnaeus, Schoenherr (1826)
developed two groupings for weevil species, those with orthocerous (straight) antennae
and those with geniculate (bent) antennae (Oberprieler et al. 2007). These were divided
into two orders (Ordo Orthoceri) and (Ordo Gonatoceri) with each order possessing 16
divisiones that formed the backbone of modern weevil classification (Oberprieler et al.
2007). Lacordaire (1863) reclassified weevils by establishing five families:
Curculionides, Scolytides, Brentides, Anthribides, and Bruchides (Marvaldi & Morrone
2000). He then divided Curculionides into two informal ranks: Adelognatha (weevils
with prementum covering the maxillae) and Phanerognatha (weevils with exposed
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maxillae) (Marvaldi & Morrone 2000). Lacordaire divided Adelognatha into six tribes
and Phanerognatha into 76 tribes. Pascoe (1870) reorganized Lacordaire’s (1863) tribes
by promoting many to subfamilial rank. This served as the framework for weevil
classification for the next ninety years. Schoenherr’s classification followed, but was later
modified by Crowson (1955), who utilized Schoenherr’s antennal structure classification
and consolidated the subfamilies from Lacordaire’s (1863) framework into families. He
also transferred Bruchidae (except for the subfamily Urodontinae) to Chrysomeloidea,
demoted Scolytinae and Platypodinae to subfamilies of Curculionidae, and recognized
eight orthocerous weevil families: Nemonychidae, Belidae, Oxycorynidae, Attelabidae,
Aglycyderidae, Brentidae, Apionidae, and Anthribidae. Curculionidae was the sole
family with geniculate antennae. Subsequently, he raised two additional weevil families
by promoting Urodontidae (Crowson 1984) and Cimberididae (Crowson 1985) to familial
status.
Many modifications have been proposed since the publication of Crowson (1955)
(Bouchard et al. 2011; Morimoto 1962; Thompson 1992; Zimmerman 1993, 1994a).
These revised family-level classifications recognize between 10 and 22 families of
weevils (Oberprieler et al. 2007). To date, the number of families within Curculionoidea
is widely debated. Recent convention recognizes six to seven families. This is based on
Kuschel’s (1995) cladogram based on morphological characters (116 adult and 25 larval).
Kuschel’s (1995) results supported the recognition of multiple previously proposed
family groups and resulted in the recognition of a total of six families (Nemonychidae,
Anthribidae, Belidae, Attelabidae, Brentidae and Curculionidae). Notably, Kuschel

,

V,

(1995) recognized the Oxycorynidae and Proterhinidae, treated as separate families by
Crowson (1955), as members of the family Belidae.
Additional phylogenetic studies (Marvaldi et al. 2002; Oberprieler et al. 2007;
McKenna et al. 2009) have followed Kuschel’s (1995) expanded family-level concepts,
and have added a seventh family (Caridae Thompson, 1992). The major discrepancy in
the number of families and family boundaries/concepts in Curculionoidea resides mainly
within the largest and most diverse family, Curculionidae (Oberprieler et al. 2007; see
Table 1 on page 5 for current classification of Curculionoidea).
Fossil record of the superfamily Curculionoidea
The fossil record of Curculionoidea extends back to the Jurassic (Kuschel 1983).
Diverse representatives from the family Nemonychidae have been found in the Upper
Jurassic Karatau beds in Kazakhstan (161-151 mya; Kuschel 1983). Nemonychidae is
considered the most primitive family of extant weevils (Oberprieler et al. 2007). The
earliest known Anthribidae date to the Lower Cretaceous (112-99.6 mya). Attelabidae
(leaf-rolling weevils) and Brentidae are known from the mid-Cretaceous Orapa mine in
Botswana (Kuschel 1994; Oberprieler et al. 2007). The earliest known representatives of
the family Curculionidae have been found in Upper Cretaceous deposits at Orapa
(Kuschel 1994) and Kzyl-Zhar in Kazakhstan (Gratshev & Zherikhin 2003).
Weevil Biology
The information presented below covers the basic biology, reconstructed or
presumed ancestral host associations, and geographic distributions of major taxonomic
groups of Curculionoidea, and the internal phylogeny (to the extent known) of each of the
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families of Curculionoidea (classification following the weevil chapters of the Handbook
of Zoology; Leschen & Beutel 2014).

Table 1. Classification of the superfamily Curculionoidea used in the weevil chaptes in
the Handbook of Zoology Volume 3 (Leschen and Beutel 2014), and followed in this
thesis
NEMONYCHIDAE Bedel, 1882
BRENTIDAE Billberg, 1820
Cimberidinae Gozis, 1882
Apioninae Schoenherr, 1823
Nemonychidae Bedel, 1882
Brentinae Billberg, 1820
Rhinorhynchinae Voss, 1922

Eurhynchinae Lacordaire, 1863
Ithycerinae Schoenherr, 1823

ANTRHIBIDAE Billberg, 1820
Anthribinae Billberg, 1820*
Urodontinae Thomson, 1859

Microcerinae Lacordaire, 1863
Nanophyinae Gistel, 1848

BELIDAE Schoenherr, 1826

CURCULIONIDAE Latreille, 1802
Brachycerinae Billberg, 1820

Belinae Schoenherr, 1826
Oxycoryninae Schoenherr, 1840

Conoderinae Schoenherr, 1820
Cossoninae Schoenherr, 1825

ATTELABIDAE Billberg, 1820
Attelabinae Billberg, 1820

Curculioninae Latreille, 1802
Cyclominae Schoenherr, 1825
Dryophthorinae Schoenherr, 1825

Rhynchitinae Gistel, 1848

Entiminae Schoenherr, 1823
Lixinae Schoenherr, 1823

CARIDAE Thompson, 1992
Carinae Thompson, 1992
!!
!!

*

Mesoptiliinae Lacordaire, 1863
Molytinae Schoenherr, 1823
Platypodinae Schoenherr, 1839
Scolytinae Latreille, 1804
Includes Choraginae Kirby, 1819;

! Bagoini Thomson, 1859; Gonipterini Lacordaire, 1863; and Hyperini
Marseul, 1863 are incertae cedis in Curculionidae
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Nemonychidae Bedel, 1882
Distribution. Nemonychidae is a small weevil family comprised of 3 extant subfamilies
(Nemonychinae, Cimberidinae, and Rhinorhynchinae; Anderson et al. 2014) together
containing 78 described species in 26 genera (Anderson et al. 2014). Nemonychids can
be found in the Australian, Nearctic, Neotropical, and Palaearctic Regions, but are most
diverse in the Neotropical Region (Argentina, Brazil, and Chile) and the eastern
Australian Region (New Caledonia, New Guinea, and New Zealand; Anderson et al.
2014). The distribution of these three subfamilies is considered to be relictual and to
mirror the distribution of their ancestral host plant families Araucariaceae and Pinaceae
(Oberprieler et al. 2007). The subfamily Nemonychinae has one genus (Nemonyx) and is
found in the Palaearctic region, including North Africa, Israel and Jordan (Friedman
2009). The subfamily Cimberidinae is comprised of two tribes (Cimberidini and
Doydirhynchini) and is primarily distributed in the Nearctic and Palaearctic regions. The
subfamily Rhinorhynchinae is only found in the southern hemisphere.
Biology and Ecology
Host associations
The hosts of early nemonychids were most likely gymnosperms from the subclass
Pinidae (Christenhusz et al. 2011), including the families Araucariaceae, Pinaceae and
Podocarpaceae (Kuschel 1983). Kuschel (1983) noted that the most primitive extant
nemonychids are associated with Araucaria (Araucariaceae), and are remarkably similar
to nemonychid fossils from the Upper Jurassic. Even today, conifers are still the primary
hosts for Nemonychidae, with only three genera using other (angiospermous) host plants
(Anderson et al. 2014). Nemonyx lepturoides (subfamily Nemonychinae) feeds on pollen
and the nectar-producing calyx of the eudicot genera Consolida and Delphinium
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(Ranunculaceae) (Kuschel & Leschen 2011). All Cimberidinae are associated with the
genus Pinus (Pinaceae; Kuschel 1993). Members of the subfamily Rhinorhynchinae
display the widest host range (Anderson et al. 2014). The majority of genera (14 out of
16) are associated with Pinales (Araucariaceae, Pinaceae, Podocarpaceae; Anderson et al.
2014). Of these, eleven genera are associated with Araucariaceae, and the other three
genera are associated with Pinaceae or Podocarpaceae. The remaining two genera
(Rhynchitomacer and Stenomacer) are associated with Nothofagus (family
Nothofagaceae; Kuschel 1989). Nothofagus (a core eudicot within the order Fagales –
part of the rosid I clade; Stevens 2001) is a host for Rhynchitomacer and Stenomacer in
the southern Neotropical region, but is not a host in the Australian region where
Nothofagus is more diverse (Anderson et al. 2014).
Feeding strategies and oviposition
Extant nemonychids are also presumed to retain the ancestral lifestyle of weevils,
in having with ectophytic larvae (mobile, free living; Oberprieler et al. 2007). The larvae
of Nemonychidae possess the ability to crawl on the outside of male cones of their
respective hosts (Kuschel 1983). Conifer-associated larvae and adults feed on pollen
produced by the microsporangia of male cones (Kuschel 1983). Females of coniferassociated nemonychids deposit eggs adjacent to microsporangia a couple of weeks
before the pollen is released; however, oviposition of angiosperm-associated
nemonychids have not been recorded (Kuschel 1983; Anderson et al. 2014).
Phylogeny to date
The higher-level phylogeny of Nemonychidae is still largely unresolved,
particularly the relationship between Nemonychidae and Anthribidae, which varies in

,

Y,

previous studies (e.g., see Kuschel 1995; McKenna et al. 2009). Kuschel’s (1995)
morphological cladistic analysis resulted in a monophyletic Nemonychidae, which was
recovered as the sister group to all other weevils. Within Nemonychidae, he recovered
the subfamily Nemonychinae as the sister-group of Rhinorhynchinae + Cimberidinae.
However, in the six gene molecular analysis of McKenna et al. (2009) Anthribidae was
derived from within Nemonychidae, rendering Nemonychidae paraphyletic. The
subfamilies Nemonychinae + Rhinorhynchinae were placed sister to Anthribidae, with
Cimberidinae sister to Nemonychinae + Rhinorhynchinae + Anthribidae. A paraphyletic
Nemonychidae was also recovered in the most recent higher-level study of Coleoptera
morphology (Lawrence et al. 2011). Contrary to the molecular analysis of McKenna et
al. (2009), Lawrence and colleagues recovered Rhinorhynchinae (Rhyncitomacerinus)
within Anthribidae. The subfamily Nemonychinae (Nemonyx) was recovered sister to a
clade containing Anthribidae (Urodontinae) and Rhinorhynchinae + Anthribinae.
Lawrence et al. (2011) recovered the anthribid subfamily Urodontinae (Urodontus) sister
to all other weevils.
Molecular work using 12 protein-coding genes from mitochondrial genomes
recovered Nemonychidae sister to all other weevil families (Haran et al. 2013). However,
only one representative from the subfamily Cimberidinae represented Nemonychidae,
and just one representative from the subfamily Anthribinae represented Anthribidae.
Gillett et al. (2014) expanded on the work done by Haran et al. (2013) by generating data
from 92 mitochondrial genomes and utilizing publicly available mitochondrial genes for
a total of 149 taxa. They did not sample taxa from two of the subfamilies within
Nemonychidae (Nemonychinae & Rhinorhynchinae) nor two of the subfamilies within
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Anthribidae (Choraginae & Urodontinae). The trees resulting from their analyses
contained Anthribidae in a position sister to all other weevil families, with no statistical
support. Nemonychidae was clustered between Anthribidae and the remaining weevil
families (except Belidae and Caridae, which were not sampled) with strong MLBS.
Although incremental gains have been made, the precise relationship between
Nemonychidae and Anthribidae remains uncertain.
Fossil Record
Nemonychidae were once more diverse, as evidenced by their rich (~60 species)
fossil record dating back to the Jurassic (199.6-145.5 mya; Arnoldi 1977; Gratshev &
Legalov 2014). However, the number of nemonychid species in the fossil record is
thought to be somewhat exaggerated by the description of dorsoventral and lateral
impressions of the same taxa as separate species (Oberprieler et al. 2007 Anderson et al.
2014). Recent papers (e.g., Gratshev & Legalov 2009; Legalov 2009a, b, 2010a, b) have
further confused matters by proposing new monotypic genera for species previously
described using poorly preserved and largely plesiomorphic features (e.g., simple tarsal
claws and striate elytra), while likely also misinterpreting differences and overlooking
sexual dimorphism (Anderson et al. 2014; Oberprieler et al. 2007).
Two competing hypotheses exist for the two main forms of Mesozoic fossil
Nemonychidae. The first type is classified as the eobeline type of the extinct family
Eobelidae (Arnoldi 1977). This nemonychid-like fossil has a larger, elongate body with a
broad rostrum that is compressed towards the apex and attached at the lower half of the
head. It is also thought to have been predominately associated with ovules and strobilae
of various gymnosperms (Cycadophyta and Bennettitales; Arnoldi 1977). The other type
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is classified as the baissorhynchine type, and differs by having a more compact body
form and a strongly curved rostrum that originates from the middle of the head (Arnoldi
1977). Legalov (2010 b) proposed that the two forms differ from extant nemonychids due
to their striate elytra and simple tarsal claws. Thus, it is unclear whether these fossils
represent an extinct clade or the stem-group of extant nemonychids (Legalov 2010 b).
However, these two characters (while not found in extant Nemonychidae) are found
throughout Curculionoidea, and until the hypothesis of an extinct subfamily (Eobelinae)
is further studied, Legalov’s (2010 b) hypothesis remains plausible (Anderson et al.
2014).
Anthribidae Billberg, 1820
Distribution. Anthribidae has 3,861 described species in three subfamilies (Ricardo et al.
2014). Anthribidae are found worldwide, but are most diverse in the tropics and
subtropics (Holloway 1982). The largest anthribid subfamilies include Anthribinae (308
genera, 3148 species) and Choraginae (62 genera, 630 species) both of which are
cosmopolitan in distribution. The third subfamily Urodontinae (8 genera, 83 species) has
a much narrower distribution, being restricted primarily to the Afrotropical and
Palaearctic regions (Ricardo et al. 2014).
Biology and Ecology
Feeding strategies
The majority of Anthribidae are phytophagous both as larvae and adults
(Holloway 1982). Anthribids also display a wide array of feeding strategies including
phytophagy, fungivory, and carnivory (Oberprieler et al. 2007). However, the majority of
species are predominantly associated with wood-decaying ascomycete fungi of
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angiosperms (mycetophagy; Anderson 1995; Kuschel 1995; Ricardo et al. 2014). The
mycetophagous feeding strategies of anthribids are thought to have evolved from
phytophagous larvae developing within decaying gymnosperm sporophylls (Oberprieler
1999; Oberprieler et al. 2007).
Anthribinae have a wide array of feeding strategies. Anthribus has been noted to
consume larvae of scale insects (Hemiptera; Valentine 1998), while most other species
and genera are associated with living stems or trunks of recently fallen trees (e.g.,
Ptychoders elongates; Costa et al. 1988). The majority of Anthribinae develop in wood
of gymnosperms and angiosperms infected by fungi, while others are found feeding on
pollen from composites (e.g., Trigonorhinus; Valentine 1998) or consuming lichens on
rocks (e.g., Lichenobius littoralis; Holloway 1982).
The anthribid subfamily Choraginae is predominately associated with fungi and is
often found feeding on fungus-infected wood of angiosperms (Kuschel 1995). However,
some species within Choraginae are notorious pests of stored grains and fruits (e.g.,
Araecerus fasciculatus; Valentine 1999). The subfamily Urodontinae is predominately
phytophagous, and larvae are often seen consuming and developing within seeds or seed
capsules (Kuschel 1995). Anthribidae that deviate from the (apparent) ancestral
mycetophagous feeding strategy are primarily derived taxa from the specialized
subfamilies Choraginae, Urodontinae, and Anthribinae (Ricardo et al. 2014).
Mating strategies and oviposition
Anthribids typically range in size from 1.0-35 mm (excluding rostrum) with
bodies ranging from short and compact to narrow and elongate. Anthribids are often
black, brown, reddish-brown to gray, and often have stripes or irregular blotches of color
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(Ricardo et al. 2014). Male and female mate guarding behaviors have been noted both
before and during oviposition (Howden 1992). The rostrum of Anthribidae is typically
short and blunt, and is not utilized in oviposition (contrary to most weevil families;
Anderson 1995). Instead, anthribids have a modified “toothed” ovipositor that assists
with drilling/cutting holes for oviposition (Ricardo et al. 2014). The female then deposit
eggs inside the plant tissue where larvae develop inside fungus-infested wood
(Oberprieler et al. 2007).
Sexual selection and mimicry
Intersexual selection has been documented in Exechesops leucopis in that females
prefer males with larger eyes, antennae and body size (Matsuo 2005). Other anthribids
have been noted to exhibit Batesian mimicry (sheep in wolf clothing) by posing as
various flies and/or distasteful beetles (e.g., Phaenithon & Gymnognathus; Hespenheide
1973). These mimics have bright red patterns on the head and prothorax with white/grey
stripes on the elytra. A similar color pattern has been noted in multiple families in the
New World fauna (Ricardo et al. 2014).
Phylogeny to date
The phylogeny of Anthribidae is poorly understood. The oldest known anthribid
fossil (Cretochoragus pygmaeus) is from the Lower Cretaceous (144-100 mya) and
belongs to the subfamily Choraginae (Soriano et al. 2006). Kuschel’s (1995)
morphological analysis recovered a monophyletic Anthribidae sister to all other weevil
families. The subfamily Urodontinae was sister to Anthribinae + Choraginae. Similar to
Kuschel’s (1995) analysis, Marvaldi & Morrone (2000) and Marvaldi et al. (2002)
recovered a monophyletic Anthribidae sister to Nemonychidae. These together were
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sister to the remaining weevil families. Other studies have recovered a monophyletic
Anthribidae (e.g., Wink et al. 1997; Marvaldi et al. 2002).
Contrary to some previous morphological and molecular studies, McKenna et al.
(2009) recovered a paraphyletic Anthribidae. The molecular analysis of McKenna et al.
(2009) recovered Choraginae + Anthribinae derived from within a subset of
Nemonychidae (Nemonychinae + Rhinorhynchinae) while Urodontinae (Urodontus sp.
and Bruchela sp.) was recovered as a separate branch between Belidae and Attelabidae
with strong support (0.92 Bayesian posterior probability). Historically, Urodontinae was
treated as a separate family by some authors (e.g., Crowson 1984).
Recent molecular phylogenetic studies using mitochondrial genomes have
recovered conflicting results with regard to the phylogeny of Anthribidae. Haran et al.
(2013) analyzed 12 protein-coding genes from each of 27 newly sequenced mitochondrial
genomes. They recovered a topology in which Nemonychidae was sister to Anthribidae
with maximal nodal support. However, they sampled relatively few taxa, which may
account (in part) for the strong nodal support in their reconstructed phylogeny (for
comparison, see Gillett et al. 2014). Only one representative from Nemonychidae
(Cimberidinae; Doydirhynchus austriacus) and one from Anthribidae (Anthribinae;
Platystomas albinus) were included in their analyses. Gillett et al. (2014) increased the
taxon sample (149 total); however, only two representatives for Anthribidae
(Anthribinae: Platystomas albinus and one unidentified species) and one from
Nemonychidae (Cimberidinae: Doydirhynchus austriacus) were included. The majority
of taxa included were representatives of Curculionidae. The resulting phylogeny differed
somewhat from Haran et al. (2013). Gillett et al. (2014) recovered a monophyletic
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Anthribidae as the earliest divergent family, sister to Nemonychidae, and with low
maximum likelihood bootstrap support (28).
In summary, the phylogeny of Anthribidae still remains ambiguous, though the
family is clearly closely allied with Nemonychidae, and is probably derived from within
it on the basis of data published to date (especially McKenna et al. 2009). The
interrelationships of the subfamilies are also in question (McKenna et al. 2009).
McKenna et al. (2009) recovered a polyphyletic Anthribinae, and is the only molecular
phylogenetic study to have included a representative of all subfamilies from both
Anthribidae and Nemonychidae.
Belidae Schoenherr, 1826
Distribution. Belidae is a small family containing 38 extant genera and 350 described
species, collectively distributed worldwide (Marvaldi & Ferrer 2014). The majority of
belid diversity resides in the southern hemisphere (Kuschel & Leschen 2003). Belidae is
divided into two subfamilies (Belinae and Oxycoryninae) each with different
distributions and habits (Marvaldi & Ferrer 2014). Belinae accounts for the majority of
the generic diversity of Belidae, with three tribes (Agnesiotidini, Belini, and Pachyurini),
25 genera and 145 species (Marvaldi & Ferrer 2014). Belinae is restricted to southern
continents with the majority distributed in Australia and New Zealand (21 genera; 128
species) and a handful of species (4 genera; 17 species) in South America (Argentina,
Brazil, Chile, Paraguay; Oberprieler et al. 2007; Marvaldi & Ferrer 2014).
The subfamily Oxycoryninae consists of three tribes (Aglycyderini, Metrioxenini,
Oxycorynini) containing 13 genera and 200 species (Marvaldi & Ferrer 2014).
Oxycoryninae have a patchy worldwide distribution, with species in Argentina, Bolivia,
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Chile, Costa Rica, Hawaii, Indonesia, Madagascar, New Zealand, Philippines, South
Africa and Thailand (Marvaldi & Ferrer 2014; D. McKenna unpublished data).
Biology and ecology
Feeding strategies and oviposition
Adult Belidae typically range from 1.5-20 mm with a flattened and elongated body
(Marvaldi & Ferrer 2014). The rostrum of Belidae is sexually dimorphic. Males possess a
shorter, thicker rostrum and females a longer, narrower rostrum (Marvaldi & Ferrer
2014).
The rostrum of Belidae differs from that of Nemonychidae and Anthribidae. A key
difference involves the fusion of the labrum and clypeus, and differences in utilization of
the mandibles (Marvaldi & Ferrer 2014). Belid females utilize their rostrum as a tool for
oviposition and this adaptation is carried through the majority of the remaining weevil
families (Anderson 1995; Oberprieler et al. 2007). This adaptation allows for eggs to be
embedded inside plant tissue and for the larvae to develop endophytically (Oberprieler et
al. 2007).
The larvae of Belinae (Pachyurini & Agnesiotidini) are woodborers in stems and
branches of shrubs and trees within the order Pinales (Araucariaceae, Cupressaceae, and
Podocarpaceae) (Marvaldi & Ferrer 2014). This is the presumed ancestral association for
these tribes of Belidae (Oberprieler et al. 2007). The larvae of the tribe Belini are mostly
associated with acacias in Australia (with the order Fabales within the rosid I clade of the
core eudicots; Stevens 2001). However, adults are routinely found on plants that do not
serve as host for developing larvae (Oberprieler et al 2007; Marvaldi & Ferrer 2014).
Oxycoryninae have a variety of hosts, from gymnosperms to angiosperms, and are
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associated with multiple plant tissues. Oxycorynini develop mostly in the reproductive
tissues of gymnosperms (araucarias and cycads) and angiosperms, but can also be found
in stems or under bark (Marvaldi et al. 2006; Oberprieler et al. 2007). Members of the
tribe Metrioxenini feed on the inflorescences, pollen and stems of both monocots
(commelinoids) and core eudicots (rosids & asterids), such as palms (Arecaceae), mints
(Lamiaceae), and bittersweets (Celastraceae; Marvaldi & Ferrer 2014). Larvae of
Aglycyderini are mostly associated with eudicots and are typically found developing
within dead branches, under bark, or mining in leaves (Zimmerman 1994).
Phylogeny to date
The monophyly of Belidae and the close relationship between the two subfamilies
is well supported by various morphological (Kuschel 1995; Marvaldi & Morrone 2000;
Marvaldi et al. 2002) and molecular analyses (Marvaldi et al. 2009; McKenna et al.
2009). The enigmatic tribe Aglycyderini has historically been treated as its own separate
subfamily (May 1993; Kuschel 1995, Kuschel & Leschen 2003) and family (Thompson
1992). However, Marvaldi (2005, 2006) recovered Aglycyderini within the subfamily
Oxycoryninae and this placement as since been recovered in other phylogenetic studies,
including the molecular study of McKenna et al. (2009).
Belidae is the only weevil family to date with a complete generic level phylogeny
(see Kuschel & Leschen 2003; Marvaldi et al. 2006). The morphological analysis of the
genera of Belinae by Kuschel & Leschen (2003) resulted in a clearer understanding of the
tribal-level relationships and ultimately led to the merging of three tribes (Marvaldi &
Ferrer 2014). The primitive tribe Pachyurini of the subfamily Belinae was initially
recovered as paraphyletic (Kuschel & Leschen 2003), but later analyses (Marvaldi 2005;
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Marvaldi et al. 2006) provide support for the monophyly of Pachyurini. The latest
classification of Marvaldi & Ferrer (2014) also recognizes three tribes.
Attelabidae Billberg, 1820
Distribution: Attelabidae is comprised of 2,500 described species in 150 genera (Riedel
2014). Attelabidae is divided into two subfamilies (Attelabinae and Rhynchitinae). Both
of which have nearly the same number of species, although the Rhynchitinae is presumed
to hold the greatest number of undescribed species of the two subfamilies (Riedel 2014).
Attelabidae are found worldwide, except for New Zealand and the Pacific Islands
(Kuschel 1995). Like most weevil families, attelabids are most diverse in the tropics
(Oberprieler et al. 2007).
Biology and Ecology
Host-plant associations
Most extant attelabid species are associated with eudicots and core eudicots (using
APG III classification; Stevens 2001). The majority of attelabids are associated with
Betulaceae, Rosaceae, Fagaceae, Myrtaceae, or Salicaceae (Legalov 2005); however,
attelabids are associated with more than 60 plant families. There are records of attelabids
on monocots (e.g., Arecaceae, Dioscoreaceae, Smilacaceae and Orchidaceae; Legalov
2005), but these are believed to be inaccurate (Riedel 2014). Also, gymnosperms can be
excluded as hosts, except for a few presumed primitive groups within Rhynchitinae (e.g.,
Lasiorhynchites coeruleocephalus) associated with various Pinales (e.g., Cupressaceae,
Pinaceae and Podocarpaceae; Legalov 2005). Gymnosperms are nonetheless thought to
be the ancestral hosts of Attelabidae (Oberprieler et al. 2007).
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To date, no strict monophages are known, although many species are only known
from one host (Riedel 2014). In addition to the plant groups mentioned above, the
following plant orders are documented as hosts of Attelabidae: Alismatales, Asterales,
Austrobaileyales, Caryophyllales, Celastrales, Cornales, Ericales, Fabales, Fagales,
Lamiales, Laurales, Magnoliales, Malpighiales, Malvales, Myrtales, Piperales, Proteales,
Ranunculales, Rosales, Sapindales, Saxifragales, Vitales (Legalov 2005; plant
classification from Stevens 2001).
Feeding habits and oviposition
Like Anthribidae, attelabids are typically associated with fungi. However, attelabids
are not truly mycophagous, but rather have a mutualistic relationship with fungi (Riedel
2014). Females in the genus Euops (Attelabinae) have a specialized structure, known as a
mycangia, with which they carry fungi. The mycangium lies in close proximity to the
metathorax and abdomen. During nidus (nest) construction, spores of Penicillium fungi
are squeezed out of the mycangium and brushed around by the setose abdominal brushes
of the female (Riedel 2014). It is thought that the “treated” nidus does not provide an
increase in nutritional value of the leafy substrate, but rather provides antibodies against
other microbes that could harm the growing larva (Kobyashi et al. 2008). Little is known
about other attelabids carrying mycangia, especially in the tropics.
Attelabids have evolved a diverse array of oviposition behaviors, and multiple
attempts have been made to classify such behaviors (Kobyashi et al. 2008). The
hypothesized plesiomorphic behavior is for females to gnaw and cut at the base of a bud
or shoot, cutting off the sap supply to the area. This in turn, causes the plant tissue to wilt
and the female then oviposits within the wilted tissue as seen in many members within
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both subfamilies (e.g., Auletini and Rhynchitini; Riedel 2014). However, other reports
have documented oviposition in fruits, flower buds, or seeds (Rhynchitini; Nakagawa et
al. 2003). While other attelabids (Eugnamptini) are leaf miners on fresh or fallen leaves
(Hamilton & Kuritsky 1981).
The leaf-mining habits of larvae from other weevil groups developing on thin
angiospermous leaves puts a severe restriction on the size such larva can achieve (Riedel
2014). Many “advanced” attelabids circumvent this by rolling leaves in a cigar-like
fashion, thus allowing developing larva to escape the size pressure and predation felt by
other leaf-mining weevils (Riedel 2014). These less restrictive size limitations have
allowed the females of these advanced attelabids to increase the number of eggs in the
nest. As a general rule, leaf-rolling species of Rhynchitinae lay more than one egg in a
nidus (multiple oviposition), but members of Attelabinae lay a single egg (single
oviposition; Sakurai 1986).
The majority of Attelabinae (and select few within Deporaini of Rhynchitinae)
make a series of complex cuts across the leaf before constructing a nidus (Riedel 2014).
Attelabinae construct a transverse nidus in that the leaf is rolled against the mid-vein by
cutting and bending the leaf in multiple locations as to roll the leaf onto itself (Riedel
2014). Many Rhynchitinae construct longitudinal nidi by rolling the leaf in line with the
mid-vein (Riedel 2014). It remains unclear whether nidus construction has evolved once
or several times independently in Attelabidae (Riedel 2014).
Finally, some attelabid species forgo constructing their own nidi and have adopted
using the nidi of others (Riedel 2014). This kleptoparasitisitic nature is thought to be the
most advanced oviposition behavior and has been well studied in about 20 species in the
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American tribe Pterocolini (Pterocolus and Apterocolus; Riedel 2014). Pterocolus and
Apterocolus females invade the nidi of other attelabids, eat the eggs, and then proceed to
lay their own egg in its place (Vogt 1992; Hamilton 1998). In summary, construction of a
nidus requires complex behaviors, and questions still remain concerning the ability of
females to recognize leaf-size, as well as the evolutionary origins of such unique nesting
strategies (Riedel 2014).
Courtship and mating
Mating usually occurs on the host-plants that females have chosen to prepare for
oviposition. It has been noted that a male is often present during the constructing of a
nidus and locates females via pheromones (Daanje 1964 as cited in Riedel 2014). The
duration of copulation ranges from minutes to hours. Male to male combat occurs if a
second male approaches during copulation, the first male will attempt to drive away the
newcomer by kicking him off the leaf. If the second male is not kicked off, a struggle
ensues that various among species. Some males simply scratch each other with all six
legs, but more complex fighting styles have also been noted. For instance, Deporaus
betulae males grab their opponent with their hind legs and attempt to overpower them
(Riedel 2014). The weaker male will leave, but some smaller “sneaky” males have been
observed copulating with the females while the larger males are fighting (Riedel 2014).
Other fighting strategies involve head to head combat. Males of Byctiscus betulae use an
anteriorly directed spine on the pronotum and place it into a concave surface on the
opposing male’s rostrum. Similar spines have been noted in males of Rhynchitini and
Euopini; however, this fighting behavior has not been observed in these two tribes
(Riedel 2014).
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Evolution and origin of plant-cutting behavior
Kobayashi et al. (2012) suggested the behavior of cutting the shoot/petiole/leaf of
plants originated once in the common ancestor of Attelabidae. This behavior may be an
intermediate phase between dead-tissue feeders and fresh-tissue feeders (Morimoto 1964;
Kobayashi et al. 2012). Larvae from earlier weevil families (e.g., Nemonychidae,
Anthribidae, Belidae) mainly feed on pollen or wood-decaying ascomycete fungi
(Nanninga 1991; Oberprieler et al. 2007) while larvae from more derived families feed
on fresh plant tissues (mostly occurring in Curculionidae; Oberprieler et al. 2007).
Marimoto (1964) suggested that attelabid larvae feeding on dead plant tissue cut by the
female maybe an evolutionary intermediate phase between feeding on dead-tissue and
fresh-tissue. This maternal plant-cutting behavior is innovative and larval adaptations had
to evolve to satisfy the nutritional demands and deal with plant defenses (Kobayashi et al.
2012). This larval innovation is not unique among insects (e.g., see Becerra 1994,
Dussourd & Denno 1994; Karban & Agrawal 2002; Kobayashi et al. 2012; Tallamy
1985)
Evolution of larval feeding plant parts
Kobayashi et al. (2012) suggested that leaf feeding by attelabid larvae is a derived
trait. This conclusion was based in part on the habits of Belidae, which are near relatives
of Attelabidae (Marvaldi et al. 2002, 2006; McKenna et al. 2009). The majority of belid
larvae are stem borers in wood and petioles and the most recent common ancestor of
Belidae and Attelabidae likely also developed within/on cut shoot/petioles of plants, as in
some early divergent lineages of both Rhynchitini and Attelabinae (e.g., Auletini;
Kobayashi et al. 2012). The eventual shift to utilizing the softer, more nutritious leaf,
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rather than staying tightly associated with the harder, less nutritious petiole, is common in
herbivorous insects (Riedel 2014). Thus, the more derived attelabids may have evolved
leaf-feeding habits as a result of adapting to the softer, more nutritious leaves (Kobayashi
et al. 2012).
Evolution of leaf-roll construction
Kobayashi et al. (2012) suggested that the leaf-rolling behavior of Attelabidae has
evolved independently more than three times in three clades: (1) single origin of leaf rolls
in Attelabinae, (2) single origin of leaf rolls from several tied leaves in Byctiscini, (3)
multiple origins of sealed/unsealed rolls of a single cut leaf in Deporaini. Both in
Byctiscini and Deporaini, the maternal leaf construction is conserved, as this behavior has
never been lost (Kobayashi et al. 2012). Leaf-rolling construction involves a series of
complex time and energy consuming behaviors (e.g., measuring the size of the target leaf,
cutting the petiole, softening the leaf, folding the leaf, rolling up the leaf, or gluing
withered leaves together; Kobayashi et al. 2012; Riedel 2014).
Phylogeny to date
Attelabidae has consistently been recovered in both morphological and molecular
studies as the sister-group of a clade comprising Curculionidae + Brentidae + Caridae
(Kuschel 1995; Marvaldi & Morrone 2000; Marvaldi et al. 2002; Marvaldi et al. 2009;
McKenna et al. 2009). The monophyly of the family as well as its two subfamilies
(Rhynchitinae and Attelabinae) are recovered in most recent molecular studies (e.g.,
Gillett et al. 2014; Haran et al. 2013; McKenna et al. 2009). Historically, Rhynchitinae
and Attelabinae were treated as separate families (Alonso-Zarazaga & Lyal 1999;
Alonso-Zarazaga 2011b, c; Legalov 2003, 2004; Zimmerman 1994a).
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Only one extensive molecular phylogenetic study of Attelabidae has been published
(Kobayashi et al. 2012). However, this study is comprised solely of Japanese attelabid
species (58 species covering 75% of extant Asian tribes) in an attempt to recover the
evolutionary history of maternal plant-manipulation behaviors and larval feeding
strategies of taxa in the Asian fauna (Kobayashi et al. 2012). Kobayashi et al. (2012)
recovered a monophyletic Attelabinae with strong support (1.0 BI PP), but the subfamily
Rhynchitinae was not monophyletic.
Caridae Thompson, 1992
Distribution: This, the smallest weevil family, and has only four described genera and
six described species (Oberprieler 2014). However, an additional eight species from
Australia and at least one more genus (currently undescribed) with seven species from
New Guinea are now known (Oberprieler et al. 2007; Oberprieler 2014). Caridae is
restricted to the southern hemisphere and has been collected in Australia, New Guinea,
and South America. The undescribed genus from New Guinea has been found in high
altitudes (3500 m) in West Papua (Oberprieler 2014). Two other carid species (both
described) in southern Chile are also distributed in higher elevations (100-1600 meters;
Kuschel 1992).
Biology and Ecology
Host-plant association
All Caridae are associated with conifers, particularly the subfamily Callitroidea
within the family Cupressaceae (Oberprieler et al. 2007). The aforementioned
undescribed genus from New Guinea is not associated with Cupressaceae, but was
collected on Podocarpaceae (Dacrycarpus and Podocarpus; Oberprieler 2014). Most
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carids have been found living on three genera within Callitroidea (Gadek et al. 2010).
The type genus, Car, is associated with Callitris (type genera for Callitroideae; Gadek et
al. 2010). Caenominurus topali lives on Austrocedrus and Chilecar pilgerodendri has
been collected on the callitroid genus Pilgerodendron (Oberprieler 2014).
It is interesting to note that no carids are known to have associations with any other
southern distributed genera of Callitroidea (e.g., Diselma, Fitzroya, Libocedrus,
Neocallitropsis, Papuacedrus, Widdringtonia; Gadek et al. 2010; Oberprieler 2014).
Similarly, no carids are recorded from any other families of southern conifers or any
other genera within Podocarpaceae (Oberprieler 2014). It is still unclear whether the
association with former Gondwanan podocarps is an ancestral one or an example of a
secondary host shift (Oberprieler 2014).
The recent phylogenetic study of Callitroidea by Gadek et al. (2010) suggests the
possibility that other carids may still be found on other callitroid genera. The
phylogenetic placement of the genera with known carid association suggests that carids
may have once been associated with all the genera, but currently survive on just the
aforementioned three (Oberprieler 2014). Existing accounts of Car show that it is only
associated with the more derived Callitris species (Piggin & Bruhl 2010) and no evidence
exists for any Car species having an association with the more primitive species of
Callitris (Oberprieler 2014).
Feeding habits and oviposition
Carid larvae generally feed in the thicker more basal parts of the sporophylls
around the woody stem of the strobilus (the reproductive sporangia-bearing structures or
cones; Anonymous 2014; Oberprieler 2014). However, carid larvae have also been noted
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to tunnel into the seed chambers and feed on developing seeds (Oberprieler 2014).
Females of Car condensatus oviposit in young closed female strobili (cones) by drilling a
small hole with their rostrum (Oberprieler 2014). The rostrum differs from other groups
by having a compacted maxilla, and the antennae are inserted further back on the rostrum
with the scape (most basal segment) elongated to reach the front eye margin (Oberprieler
et al. 2007). The entrance of the oviposition hole is then filled with drop of resin, which
then hardens and plugs the hole (presumably for protection; Oberprieler 2014).
Phylogeny to date
The systematic placement of Caridae has largely been based on studies of the genus
Car (Oberprieler 2014). This genus has been assigned to multiple families including
Nemonychidae, Rhynchitinae, Apioninae (Zimmerman 1994a) Belidae (Thompson
1992), and Brentidae (Kuschel 1995). Adults exhibit morphological characters similar to
those found in both the more primitive weevil families (Nemonychidae, Anthribidae,
Belidae) and the more advanced weevil families (e.g., Brentidae and Curculionidae;
Oberprieler 2014). Zimmerman (1994) treated Caridae as “survivors of an ancient
family”. Molecular (Hundsdoerfer et al. 2009; Hunt et al. 2007; Marvaldi et al. 2009;
McKenna et al. 2009) and morphological studies (Marvaldi & Morrone 2000, Marvaldi et
al. 2002, Oberprieler 2000) have since confirmed the phylogenetic placement of Caridae
as sister to the clade Brentidae + Curculionidae (Oberprieler et al. 2007; Oberprieler
2014). As the sister group of Brentidae and Curculionidae, Caridae are thought to be an
old weevil family, having diverged from other weevils during the Lower Cretaceous
(115-125 Ma). However, no definitive Caridae are known from the fossil record to help
date the timing of divergence (Oberprieler 2014).
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Brentidae Billberg, 1820
General remarks
In the wide sense as treated here, Brentidae forms the sister-group to Curculionidae
(Kuschel 1995; Marvaldi et al. 2002; McKenna et al. 2009; Oberprieler et al. 2007). The
family Brentidae is comprised of 540 genera and 4,400 described species (Oberprieler
2014) and is distributed worldwide (Oberprieler et al. 2007). Brentidae is divided into
two large subfamilies and four smaller subfamilies. The larger subfamilies are Apioninae,
with 205 genera and 2,200 species, and Brentinae, with 291 genera (102 monotypic
genera) and 1760 species (Oberprieler 2014). The four smaller subfamilies include the
following: Nanophyinae (33 genera, 310 spp.), Microcerinae (3 genera 67 spp.),
Eurhynchinae (3 genera, 29 spp.), and Ithycerinae (1 sp.; Oberprieler et al. 2007;
Oberprieler 2014). Apioninae, Brentinae and Nanophyinae are widely distributed and are
most diverse in the tropics. Microcerinae, Eurhynchinae, and Ithycerinae have a more
restricted distribution. Microcerinae are found in Africa, Eurhynchinae are found in
Australia and New Guinea, and Ithycerinae are found only in North America
The hosts of Brentidae are primarily the more advanced angiosperms (eudicots and
core eudicots), with a few Apioninae developing on conifers and cycads. Interestingly, no
known Brentidae have associations with monocots (Oberprieler et al. 2007). Early
brentids (Eurhynchinae, Ithycerinae, and Microcerinae) have endophytic larvae
developing within stems or roots and are thought to retain the ancestral lifestyle
(Oberprieler 2014). The larvae of Apioninae and Nanophyinae differ by developing
within softer, living tissues of inflorescences, fruits, and seeds (Oberprieler et al. 2007).
Brentinae are thought to have undergone evolutionary transitions from an ancestral habit
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of tunneling in dead/dying wood to more specialized/derived lifestyles of mycetophagy,
myrmecophily, and predation (Oberprieler 2014).
The phylogenetic placement of Brentidae in the wide sense proposed by
Oberprieler et al. (2007), is as the sister-group to Curculionidae, and has been recovered
in both morphological and molecular studies (Gillett et al. 2014; Kuschel 1995; Marvaldi
& Morrone 2000; Marvaldi et al. 2002; McKenna et al. 2009; Oberprieler 2000;
Thompson 1992). Kuschel’s (1995) morphological study and Marvaldi et al. (2002)
combined molecular (18s) and morphological analyses are consistent with the broad
concept of Brentidae. However, the analysis of Marvaldi et al. (2002) lacked
representatives from Microcerinae and Nanophyinae. The only comprehensive molecular
data set to include a representative from every family and subfamily of weevils
(McKenna et al. 2009) did not recovery a monophyletic Brentidae, since Ithycerinae and
Microcerinae were recovered within Curculionidae. The large-scale three gene (~2000bp)
molecular study of Coleoptera of Hunt et al. (2007), also did not recover a monophyletic
Brentidae, as Ithycerinae (Ithycerus) was recovered within a clade comprised of
Nanophyinae + Brachycerinae + Apioninae. Bocak et al. (2014) generated a supermatrix
of all compatible DNA sequences of Coleoptera from the genes 18S, 28S, rrnL, and cox1
available in GenBank. The resulting matrix included 8,441 species-level terminals (91
species from Brentidae) and Brentidae was recovered as monophyletic in a clade with
Caridae + Curculionidae. Even though the monophyly of Brentidae s.l. is currently not
strongly supported, evidence supports that either all the lineages together (or at least
some part of them) are the sister group to Curculionidae (Gillett et al. 2014; Kuschel
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1995; Marvaldi & Morrone 2000; Marvaldi et al. 2002; McKenna et al. 2009; McKenna
2011; Oberprieler 2000; Thompson 1992).
Eurhynchinae Lacordaire, 1863
Distribution. Eurhynchinae is a small subfamily with three genera and 29 species
(Oberprieler 2014). Eurhynchinae is endemic to Australia and New Guinea.
Eurhynchinae can be found in well-vegetated landscapes from costal shrubbery to
tropical or temperate montane forests (Oberprieler 2004; Oberprieler 2014).
Biology and Ecology
Host associations and oviposition
The biology of Eurhynchinae is known for only a few species in the genus
Eurhynchus. Adults of Eurhynchinae have been found feeding and mating on young
leaves of various genera of Proteaceae (e.g., Persoonia lanceolata; Froggatt 1896 as cited
in Oberprieler 2014), Lauraceae (e.g., Litsea leefiana; Oberprieler 2004), and Myrtaceae
(e.g., Eucalyptus; Oberprieler 2000). Female eurhynchines drill a small hole on the
underside of a branch, and lay a single egg (Oberprieler 2000). Larvae have been
documented to tunnel upwards in stems and branches of the aforementioned hosts and
expel frass out of the hole (Oberprieler 2000). Adults vary in length from 8-20mm with
elongated subcylindrical bodies that are rarely colored (white or yellow) with metallic to
reddish coloration on the legs (Oberprieler 2014).
Phylogeny to date
Eurhynchinae classification has varied over the years. They have been classified as
a separate family (Wanat 2001, Zimmerman 1994b), as a subfamily of the family
Apionidae (Crowson 1955), as a tribe of Apioninae (Kissinger 1968 as cited by
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Oberprieler 2014), as a subfamily of Brentidae (Marvaldi et al. 2002; McKenna et al.
2009; Morimoto 1976; Thompson 1992), and as a tribe of Brentinae (Kuschel 1995;
Oberprieler 2000). Most morphological studies (of adult characters only) recover a
position close to Apioninae; however other morphological analyses (using adult and
larval morphological characters) recover a position closer to Brentinae (Kuschel 1995;
Marvaldi et al. 2002). Still others recover eurhynchines as the sister of all brentids
(Wanat 2001). In short, the phylogenetic placement of Eurhynchinae remains unclear.
Little molecular data has been generated for Eurhynchinae. The molecular analysis
of McKenna et al. (2009) recovered a monophyletic Eurhynchinae (Aporhina +
Eurhynchus) sister to Nanophyinae (Nanophyes). Although the support in this clade was
minimal (<0.5 Bayesian PP) there was support for a closer relationship to Brentinae than
Apioninae. Although the phylogenetic placement of Eurhynchinae is uncertain,
placement as a subfamily within Brentidae sensu lato is now widely accepted
(Oberprieler 2014).
Ithycerinae Schoenherr, 1823
Distribution. The only species of Ithycerinae (Ithycerus noveboracensis; New York
weevil) occurs in eastern North America, ranging from southeastern Canada and
extending eastward andsouthward to Maine, Arkansas, Alabama and parts of northern
Florida (Sanborne 1981). The distribution pattern generally follows that of its primary
hosts, Quercus alba (White Oak) and Fagus grandifolia (American Beech; Oberprieler
2014).
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Biology and Ecology
Host associations and oviposition
Ithycerus noveboracensis adults vary in length from 12-18 mm with slightly
flattened, dark, elongated bodies (Oberprieler 2014). Ithycerus noveboracensis adults
have been reported to feed on the bark of shoots, leaf petioles and buds of various
cultivated fruit trees (Rosaceae; Sanborne 1981). Feeding activity of I. noveboracensis is
primarily crepuscular in nature.
For oviposition, females travel near the base of young saplings of Fagaceae
(Castanea, Fagus, Quercus), Betulaceae (Betula, Carpinus), and Juglandaceae (Carya,
Juglans). However, its preferred hosts include Quercus alba (White Oak) and Fagus
grandifolia (American Beech). After selecting a suitable host, I. noveboracensis females
proceed in making a small depression in the soil by a rotating their rostrum in a circular
“drill-like” motion (Sanborne 1981). After a suitable depression is made the female lays a
single egg and proceeds to cover the egg in fecal matter (Oberprieler 2014). After the
larvae hatch, they immediately begin feeding on the vascular cambium and phloem of the
adjacent roots. Developing larvae can remove the external layers of roots and proceed to
tunnel in the roots throughout the winter months for upwards of two years (Sanborne
1981).
Phylogenetic position
The monotypic Ithycerinae has been recognized since the mid 19th century
(Oberprieler 2014). However, the classification of Ithycerinae has moved around,
throughout the years, having been placed within Curculionidae (Lacordaire 1863 as cited
in Oberprieler 2014), Belidae (Sharp 1918), and Brentidae (Crowson 1955). Sanborne
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(1981) provided the strongest support for the placement within Brentidae s.l. with his
comprehensive study of the genus using larva morphology. However, other phylogenetic
studies based on morphological characters have produced conflicting results (e.g. see
Kuschel 1995; Oberprieler 2000). Kuschel’s (1995) cladistic analysis of Curculionoidea
recovered Ithycerinae within Brachycerinae; however, Oberprieler (2000) recovered
Ithycerinae within Brentidae. Marvaldi et al. (2002) used both 18s rDNA sequences
(~2,000bp) and 115 morphological characters and recovered Ithycerinae in Brentidae by
combining both molecular and morphological data, but failed to recover Ithycerinae in
Brentidae using molecular data alone.
Other molecular studies have also produced conflicting results. Hunt et al. (2007)
large-scale rRNA dataset of Coleoptera recovered Ithycerinae within Brentidae.
McKenna et al. (2009; 2011) recovered Ithycerinae within early-divergent Curculionidae
with low nodal support. Thus the phylogenetic placement of Ithycerinae remains
ambiguous. However, due to the presumed ancestral larval feeding strategy, researchers
hypothesize I. noveboracensis could be a remnant of a primitive lineage of Brentidae
sensu lato (Oberprieler et al. 2007; Oberprieler 2014).
Microcerinae Lacordaire, 1863
Distribution. Microcerinae is a small subfamily with three genera and 67 species
(Oberprieler 2014), restricted to the sub-Saharan area. Most Microcerinae inhabit open,
hard, stony soils; however, a few are known from softer, sandier substrates (Louw 1986,
2004; Oberprieler 2014).
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Biology and Ecology
Host associations and oviposition
The feeding habits and biology of Microcerinae are poorly understood. Adults vary
in length from 8-25mm with most possessing dark cuticles (never metallic or brightly
colored) and they have elongate, but slightly flattened bodies (Oberprieler 2014).
Adults (Episus) are reportedly associated with Chrysocoma tenuifolia (Asteraceae;
Louw 1986), and Episus larvae are reported to feed on a different aster in the genus
Senecio (Louw 1986). Other hosts of Microcerinae include Boraginaceae, Malvaceae,
and Polygonaceae with those microcerines associated with Malvaceae likely represent the
ancestral host association (Louw 1995; Oberprieler 2014). Similar to Ithycerinae,
Microcerinae females lay their eggs in the soil next to suitable hosts and larvae then
develop within the roots (Oberprieler 2014).
Phylogenetic Position
Microcerinae is a notoriously enigmatic subfamily. Originally, this group was
thought to be a part of Brachycerinae, based on numerous shared adult morphological
characters. However, Louw (1986) assessed the larval morphology and it became more
evident that Microcerinae differed substantially from Brachycerinae. Microcerinae was
then incorrectly positioned as a close relative of the more advanced broad-nosed weevil
group Entiminae (Louw 1995). However, Marvaldi’s (1997) analysis of Louw’s (1986)
larval characters resulted in a new interpretation and a proposed phylogenetic position as
sister-group to Brachycerinae plus all other Curculionidae, a position also reached by
Oberprieler (2000). Molecular data (McKenna et al. 2009, 2011) recovered Microcerinae
within early divergent Curculionidae (with certain Brachycerinae), as traditional
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morphological datasets had indicated. Although most evidence suggests a phylogenetic
position within Brentidae, questions concerning the precise placement of this group
remain.
Brentinae Billberg, 1820
Distribution. Brentinae consists of 291 genera (102 genera are monotypic) and 1,760
species (Sforzi et al. 2014). Brentinae are most diverse in the tropics, but also have a
substantial distribution in temperate regions. The Oriental region contains the most
diversity (118 genera, 685 species), followed by the Afrotropical (111 genera, 362
species), Neotropical (55 genera, 292 species), Australian (65 genera, 292 species),
Palaearctic (46 genera, 152 species), and Nearctic (6 genera, 7 species) regions (Sforzi et
al. 2014). Brentinae is currently divided into seven tribes: Brentini, Cyladini,
Cyphagogini, Pholidochlamydini, Taphroderini, Trachelizini and Ulocerini (Sforzi et al.
2014).
Biology and Ecology
Host associations and oviposition
Brentines inhabit primary, secondary, and degraded forests, and adults are
primarily found under the bark of dead/decomposed trees (Oberprieler et al. 2007), but
some are associated with flowers and leaves (Sforzi et al. 2014). Most species of
brentines live in tropical forests, but they can also be found in temperate, arid and sub
arid environments (Sforzi et al. 2014). Most species are nocturnal, but some species
within the tribe Cyphagogini, have been reported walking on logs during the day (Lewis
1883 as cited in Sforzi et al. 2014).
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Brentines exhibit a variety of feeding strategies (Oberprieler & Louw 1985; Sforzi
et al. 2014). Both adult members within Cyphagogini and Taphroderini feed on the adults
of scolytine and platypodine weevils. Cyphagogini and Taphroderini deposit their eggs
within host galleries, where the bark and ambrosia beetle larvae serve as a food source for
developing larvae (Oberprieler & Louw 1985). Members of the type tribe Brentini and
the tribe Arrhenodini have similar feeding and oviposition strategies (Buchanan 1960).
Females of both B. anchorago and A. minutus chew a small hole in decaying trees, and
use their rostrums to place a single egg within the freshly bored hole. The developing
larva of B. anchorago, chew galleries below the cambium (presumably feeding on sap or
fungal mycelia; Johnson 1983b), whereas A. minutus larva bore and develop directly in
the wood (Buchanan 1960; Sanborne 1983). Other feeding strategies from members of
Brentinae include myrmecophily (Eremoxenina; Amorphocephala coronate; Zimmerman
1994) and herbivory (Cyladinae; Cylas formicarius; Zimmerman 1994). Adults vary in
length from 3-80 mm and displays of sexual dimorphism are common. Adults have long
slender bodies that appear slightly flattened. Brentinae adults are generally dark in color
(reddish brown to black), with occasional differences in pronotum and elytra coloration
(Sforzi et al. 2014).
Phylogeny to date
Traditionally, Brentinae (like Apioninae, Ithycerinae, and Microcerinae) was
considered its own family (Brenthides; Billberg, 1820), and was later divided into groups
Brenthides and Ulocerides by Lacordaire (1865 as cited in Sforzi et al. 2014). These two
groups were then recognized as subfamilies: Brentinae and Ulocerinae (Sharp 1895 as
cited by Marvaldi & Morrone 2000) which was then expanded into 15 tribes by Kleine
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(1922b as cited in Sforzi et al. 2014). Damoiseau (1967) later divided the African
Brentidae into four subfamilies (Brentinae, Calodrominae, Ceocephalinae, and
Taphroderinae) only to have Morimoto (1976) rearrange the Japanese fauna into two
subfamilies (Brentinae and Cyladinae). However, both classifications are built around a
regional sample rather than the global fauna (Sforzi et al. 2014). Thus controversy
surrounded the classification of Brentidae (Anderson & Kissinger 2002).
Morimoto (1976) recognized the close relationship between Apioninae (formerly
Apionidae; Crowson 1955) and Brentinae. Kuschel (1995) later classified these two
groups within Brentidae. After the Kuschel’s (1995) expanded classification of Brentidae,
other phylogenetic studies have also conformed to this wider family grouping (e.g.,
Marvaldi et al. 2002; Oberprieler et al. 2007; McKenna et al. 2009). In addition to the
acceptance of Apioninae as a subfamily within Brentidae, the previously proposed 15
tribes by Kleine (1922b) have been reduced to seven (Brentini, Cyladini, Cyphagogini,
Pholidochlamydini, Taphroderini, Trachelizini, and Ulocerini; Bouchard et al. 2011;
Sforzi et al. 2014).
No comprehensive tribal-level phylogenetic study has been produced for Brentinae,
and very few large-scale molecular studies have included more than one representative
from Brentinae (e.g. see Marvaldi et al. 2009; McKenna et al. 2009). McKenna et al.
(2009) recovered a paraphyletic Brentinae via the placement of Cyladini (Cylas) in
relation to Arrhenodini (Arrhenodes). Cylas was recovered sister to Nanophyinae +
Eurhynchinae and clustered close to a clade comprising of Arrhenodes plus a
paraphyletic Apioninae. Marvaldi et al. (2009) sampled two taxa from within Brentidae:
Brentinae (Paratrachelizus) and Apioninae (Rhinorhynchidius), and these were recovered
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as a clade. In short, much work remains to better establish tribal-level relationships and
concepts within Brentinae (Oberprieler et al. 2007).
Apioninae Schoenherr, 1823
Distribution. Apioninae consists of 205 genera and more than 2,200 species, but
hundreds of species and dozens of genera await description (Alonso-Zarazaga & Wanat
2014). Apioninae are cosmopolitan in distribution, with species diversity increasing
towards the tropics (Alonso-Zarazaga & Wanat 2014).
Biology and Ecology
Host association
Both the larvae and adults of Apioninae are specialized phytophages. The majority
of apionines are oligophagous on eudicots and core eudicots (Alonso-Zarazaga & Wanat
2014). Only five genera of apionines are known to be associated with gymnosperms (e.g.,
Antliarhis, Apiomorphus, Podapion, Rhinorhynchidius, Strobilobius on Pinales and
Cycadales; Alonso-Zarazaga & Wanat 2014). Although they represent old lineages, (but
not the oldest) this association with gymnosperms is not the ancestral association of
Apioninae (Alonso-Zarazaga & Wanat 2014). Ancestral apionines (e.g., Afrotibicina,
Anapotapion, Apiomorphus, Apotapion Daphnandra, Setapin, Notapion, Tanaos) are
thought be similar to some of the extant apionines associated with early divergent
angiosperms (e.g., magnoliids; Alonso-Zarazaga & Wanat 2014). The more advanced
apionines are associated with both eudicots and core eudicots encompassing plants in 15
orders and over 20 families (see summary of host-plant family and region in AlonsoZarazaga & Wanat 2014).
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Feeding strategies and oviposition
Adults vary in length from 0.75-13mm with the majority (>95%) less than 3 mm in
length (Alonso-Zarazaga & Wanat 2014). Bodies are typically globular with a uniform,
darker coloration (rarely metallic; Alonso-Zarazaga & Wanat 2014). Adults typically
chew on leafy foliage of larval host plants and leave small holes in the leaves (AlonsoZarazaga & Wanat 2014). Larvae are endophagous and have been found chewing tunnels
in roots, stems, leaves, flower buds, and fruit/seeds.
Oviposition for Apioninae, unlike other weevil groups, is not synchronized and thus
results in a longer emergence time for young adults (upwards of 4 months; AlonsoZarazaga & Wanat 2014). Depending upon the species, apionine females lay anywhere
from 4-300 eggs (Hoebeke et al. 2000).
Phylogeny to date
Traditionally, Apioninae was considered its own family Apionidae (Apionides;
Schoenherr 1823 as cited in Alonso-Zarazaga & Wanat 2014), but was then demoted to a
tribe within Curculionidae (Shuckard 1840 as cited in Alonso-Zarazaga & Wanat 2014).
Crowson (1955) was the first to recognize apionines as a natural group rather than a tribe
of Curculionidae. Morimoto (1976) then recognized the close relationship between
Apionidae and Brentidae. Kuschel (1995) later classified Apionidae as a subfamily within
Brentidae. This placement was then recovered by other phylogenetic studies (Farrell
1998; Marvaldi & Morrone 2000; Marvaldi et al. 2002, 2009; McKenna et al. 2009).
Thus the treatment of Apioninae as a subfamily, along with the recognition of five other
subfamilies in Brentidae, has gained wider acceptance in the weevil community (AlonsoZarazaga & Wanat 2014; Bouchard et al. 2011; Oberprieler et al. 2007).
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A morphological analysis of the internal relationships within Apioninae was
undertaken by Wanat (2001) and remains as the only dataset to include a global taxon
sample. Based on this data set, Apioninae are of Gondwanan origin and are thought to
have originated during the mid-Cretaceous (125 ma; Wanat 2001; McKenna et al. 2009).
Wanat proposed to divide the cosmopolitan Apioninae into seven subfamilies or super
tribes (Antliarhinitae, Apionitae, Cybebitae, Mecolenitae, Myrmacicelitae,
Rhabinocybitae and Tanaitae). The five earliest groups (Antliarhinitae, Cybebitae,
Mecolenitae, Myrmacicelitae, Tanaitae) account for eleven genera and about 60 species.
The remaining two super tribes (Apionitae and Aspidapiitae) comprise the majority of the
world fauna of Apioninae (>215 genera and >2000 species). However, molecular analysis
by Hundsdoerfer et al. (2009) suggests that the super-tribe Apionitae is not monophyletic.
Although the phylogeny of Apioninae remains largely unresolved, Apioninae are
generally thought of as two separate groups (ancestral and advanced; Alonso-Zarazaga &
Wanat 2014).
Nanophyinae Gistel, 1848
Distribution. Nanophyinae consists of 33 genera and 310 species (Alonso-Zarazaga
2014). Nanophyinae is mainly an Old World group (Alonso-Zarazaga & Lyal 1999) with
only four species in the Nearctic region, five from Australia, one from Indonesia, and one
undescribed species in New Guinea (Alonso-Zarazaga 2014). Nanophyinae is most
diverse in the tropics, but some genera are present in temperate regions. Nanophyinae is
comprised of two tribes: Corimaliini and Nanophyini (Alonso-Zarazaga 2014).
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Biology and Ecology
Host associations and oviposition
Adult and larval Nanophyinae, similar to other brentids, are typically found on the
same host-plants. Most Nanophyinae are associated with several species within one
genus, but some are specialist on a single host plant species. Nanophyinae are primarily
associated with the flowering plant order Myrtales (e.g., Combretaceae, Lythraceae,
Myrtaceae), which are also thought to be the ancestral hosts (Alonso-Zarazaga 2014).
However, other more advanced genera have shifted from Myrtales to unrelated host
plants (e.g. Cupressaceae, Dipterocarpaceae, Ericaceae, Fabaceae, & Gentinaceae;
Alonso-Zarazaga 2014). The larvae of Nanophyinae are similar to Apioninae in that
larvae develop in young stems, floral inflorescences, fruits and seedpods (Oberprieler et
al. 2007).
Adults range in length from 0.7-5.7 mm with the majority being less than 2.5
millimeters (Alonso-Zarazaga 2014). Their bodies are typically globular with black
coloration; however, some species have a spotted pattern that is highly variable (AlonsoZarazaga 2014). Females will drill small holes with their rostrum in various plant tissues
(depending upon the species) and it is not uncommon for multiple species to be located
on the same plant (Griffin & Silliman 2012). For example, three Nanophyes species
develop in different parts of the same host plant (Lythrum salicaria; Alonso-Zarazaga
2014). Nanophyes marmoratus larva feed on developing petals, N. globulus on
developing seeds, and N. circumscriptus tunnels in the roots (Alonso-Zarazaga 2014).
Some species are viewed as pests. Nanophyinae are notorious for feeding on seeds
and can slow the rate of forest regeneration (e.g., N. shoreae; Alonso-Zarazaga 2014).
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Yet others (N. marmoratus; N. japonicus; N. nigritulus respectively) are used as
biological control agents to control the invasive Purple Loosestrife (Lythrum salicaria),
Water Chestnut (Trapa natans), and Water Primrose (Ludwigia adscendens; AlonsoZarazaga 2014).
Phylogeny to date
Very little is known about the internal relationships of the group. Hundsdoerfer et
al. (2009) analysis using 16S and 18S recovered a monophyletic Brentidae excepting
Nanophyinae. Nanophyinae was recovered within Curculionidae. Haran et al. (2013)
used mitochondrial genomes (12 protein-coding genes) and recovered Nanophyinae as
the sister group of Apioninae with maximum nodal support (1.0 BPP; Bayesian posterior
probability). However, no other lineages from Brentidae (Brentinae, Eurhynchinae,
Ithycerinae, Microcerinae) were included in the analysis. Gillett et al. (2014) recovered a
monophyletic Nanophyinae sister to Apioninae with 93% maximum likelihood bootstrap
support. Thus, Gillett et al. (2014), produced similar results as Haran et al. (2013), but
were also missing four subfamilies of Brentidae (Brentinae, Eurhynchinae, Ithycerinae,
Microcerinae). McKenna et al. (2009) recovered Nanophyinae sister to Cylas (Brentinae)
with minimal support (<0.5 BPP). Nanophyinae + Brentinae was recovered sister to a
monophyletic Eurhynchinae with minimal support (<0.5 BPP). Although it is evident that
Nanophyinae belongs within Brentidae, questions still remain about its closest relatives
and internal relationships.
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Curculionidae Latreille, 1802
General remarks and distribution
In the wide sense as treated here, Curculionidae sensu lato (s. l.) (Oberprieler et
al. 2007) forms the sister-group of Brentidae (Kuschel 1995; Marvaldi et al. 2002;
McKenna et al. 2009; Oberprieler et al. 2007; Oberprieler 2014). Curculionidae includes
twelve major subfamilies (Oberprieler 2014). Brachycerinae, Dryophthorinae and
Platypodinae are thought to represent the more basal lineages of Curculionidae. The
remaining nine subfamilies (Conoderinae, Cossoninae, Curculioninae, Cyclominae,
Entiminae, Lixinae, Mesoptiliinae, Molytinae and Scolytinae) are considered more
derived. However, recent molecular phylogenetic analyses recover the derived or
“higher” Curculionidae (except Bagoini) as two major clades: (1) Cyclominae,
Entiminae, Gonipterini, and Hyperini (2) and the second clade comprising Conoderinae,
Cossoninae, Curculioninae, Cyclominae, Mesoptiliinae, Molytinae and Scolytinae and
genera of all the aforementioned subfamilies (McKenna et al. 2009; Jordal et al. 2011).
However, the concepts and number of subfamilies recognized still remains largely a
matter of author preference (Oberprieler et al. 2007). In addition to the aforementioned
subfamilies, other smaller subfamilies have also been recognized by other authors (e.g.,
Bagoinae, Baridinae, Ceutorhynchinae, Cioninae, Cryptorhynchinae, Gonipterinae,
Hyperinae, and Orobitidinae (Bouchard et al. 2011). In this thesis I use the classification
followed in the weevil chapters of the latest Handbook of Zoology, edited by Leschen
and Beutel (2014).
The total number of subfamilies recognized comes to twelve, with three tribes
(Bagoini, Gonipterini, Hyperini) currently treated as Curculionidae incertae sedis.
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At the tribal-level the classification of Curculionidae is even more ambiguous. The
majority of concepts used are derived from the world catalog (which excludes
Platypodinae and Scolytinae) produced by Alonso-Zarazaga (1999). Alonso-Zarazaga
(1999) provided the correct spellings and authorship of all the genera in this enormously
diverse family and was the first work of the global fauna since Lacordaire’s (1863, 1865
as cited in Oberprieler et al. 2007) work.
Curculionidae sensu lato (Oberprieler et al. 2007) is comprised of 4,600 genera and
51,000 described species (Oberprieler et al. 2007; Oberprieler 2014). Curculionidae make
up over 80% of all weevil species and contribute substantially to the species richness of
Polyphaga (Curculionoidea + Chrysomeloidea) and Coleoptera (beetles) as a whole
(Oberprieler et al. 2007). The family Curculionidae is one of the more diverse families of
animals on the planet (Staphylinidae; rove beetles having more described species ~74,000
species; McKenna et al. 2015). Curculionidae are cosmopolitan in distribution and can be
found at nearly all latitudes from the arctic zone to subantarctic islands, occurring in all
types of habitats from deserts to rainforests to lakes and rivers and seashores to mountaintops (McKenna et al. 2009; Oberprieler et al. 2007; Oberprieler 2014). Essentially, if an
environment has suitable vegetation, curculionids can be found.
Curculionids are known to utilize all types of plants (mainly angiosperms) and plant
tissues. A unique association with early angiosperms (monocots) exists for the more
“primitive” subfamilies Brachycerinae and Dryophthorinae, but several other groups also
have some genera or species with these associations (e.g., Curculioninae, Conoderinae,
and Molytinae). Curculionidae first appeared in the fossil record in the Upper Cretaceous
(125-112 Ma; Kuschel 1994; Oberprieler et al. 2007), which suggests that the origin and
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diversification of Curculionidae is closely associated with the rise of angiosperms to
floristic dominance (Oberprieler et al. 2007; McKenna et al. 2009). Curculionidae is one
of the top few families among animals in terms of the number of species produced and
perhaps also diversification rate (McKenna et al. 2009; McKenna 2011; Jordal et al.
2011). The family Curculionidae thus presents a unique opportunity to study the
evolution of patterns of ecological and taxonomic diversification at the insect-plant
interface.
Brachycerinae Billberg, 1820
Distribution. Brachycerinae (as treated here) is comprised of 95 genera and 1,350
species, but potentially an additional dozen monotypic genera from Erirhinini, Ocladiini,
Cryptolaryngini, and Raymondionymini might also be included (Oberprieler 2004b;
Oberprieler et al. 2007; Oberprieler 2014). Brachycerinae have a cosmopolitan
distribution, but are most diverse in the tropics (Oberprieler 2014).
Brachycerinae has seven tribes: Brachycerini, Cryptolaryngini, Erirhinini,
Himasthlophallini, Raymondionymini, Tanysphyrini (Oberprieler 2014). Brachycerini
(11 genera, 500 species) can be found in the Afrotropical and southwestern Palaearctic
region. Cryptolaryngini can be found in southern Africa (1 genus, 2 species) and Central
Asia (three species). Himasthlophalllini (1 genera, 1 species) occurs in the AustraloPacific region and Raymondionymini (15 genera, 87 species) occurs in the Mediterranean
area. Erirhinini (34 genera, 310 species), Tanysphyrini (31 genera, 150 species) and the
aquatic Bagoini (1 genera, 300 species) are found worldwide except in Central and South
America (Oberprieler 2014).

,

WV,

Biology and Ecology
Host plant association
Brachycerinae are typically associated with earlier divergent monocots, seemingly
more so than any other weevil group (Oberprieler 2014). Brachycerinae are associated
with various orders of monocots including Alismatales, Asparagales, Commelinales and
Poales (Oberprieler 2014). Both members of Brachycerini and Cryptolaryngini larvae
utilize bulbs, corms, tubers or stems from various plants within Amaryllidaceae,
Asparagaceae, Iridaceae and Xanthorrhoeaceae (Oberprieler 2014). Some semi-aquatic
brachycerine larvae (e.g., Erirhinini) can also be found tunneling in stems of various
semi-aquatic families of Poales (e.g., Cyperaceae, Juncaceae, Poaceae, and Typhaceae)
while other brachycerines (e.g., Tanysphyrini) are associated with the truly aquatic
Alismatales (e.g., Alismataceae, Araceae, and Hydrocharitaceae). Brachycerines have
also been documented to have associations with mosses (bryophytes), ferns and horsetails
(pteridophytes) and even eudicots and core eudicots (although this is thought to represent
secondary host shift(s); Oberprieler 2014). Interestingly, no host associations are known
from other monocot groups such as the palms (Arecales), yams (Dioscoreales), bananas
(Musaceae), gingers (Zingiberales), and Spanish mosses and pineapples (Bromeliaceae)
(Oberprieler et al. 2007; Oberprieler 2014). It is unclear as to whether the lack of
associations with such hosts is due to a physiological barrier or a phylogenetic pattern
reflecting patterns of diversification of monocots in the Lower Cretaceous (Bremer 2000;
Chase 2004).
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Feeding habits and oviposition
Adult Brachycerinae are typically nocturnal, but can be found during the day hiding
under debris such as plants, stones and even under water (for those brachycerines
associated with semi-aquatic and aquatic plants; Oberprieler 2014). Most adults possess
the ability to fly, but aptery is known in several unrelated genera (usually those
associated with arid environments). Brachycerinae can be diagnosed as having a short,
stout rostrum and by having “imperfect geniculate” antennae (Thompson 1992). Females
excavate a small depression with their hind legs and the tip of the abdomen in the soil
next to a suitable host plant. They then use their rostrum to dig a hole into the chosen
plant tissue and deposit one to a few eggs (Oberprieler 2014). Larvae hatch one week
later and begin to develop inside stems, roots, and tubers; however, few brachycerines
live ectophytically on roots under water (e.g., Lissorhoptrus; May 1993).
Biological control
The ability for developing larvae to feed under water has provided researchers the
opportunity to use members of Tanysphyrini as a vehicle for controlling thick mats of
aquatic weeds (e.g., red water fern- Azolla filiculoides; salvinia- Salvinia molestai;
waterlettuce-Pistia stratiotes; Hill et al. 2008). Weevils are able to proliferate at an
incredible rate in these situations, and some evidence exists of parthenogenesis (Hill
1998). The deployment of Stenopelmus rufinasus (frond-feeding weevil) on the aquatic
red water fern (Azolla filiculoides) in South Africa is considered to be the largest and
most successful example of biological control in history (see pictures from Hill &
McConnachie 2009). After being imported to South Africa in 1997, S. rufinasus has had
a dramatic impact on the weed population (Hill et al. 2008). Only 300 adults were
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initially released on a 1- ha pond of red water fern in Pretoria in December and in two
months the weed mat had sunk and over 30,000 adult weevils were reared from a 2 m2
patch of red water fern. S. rufinasus has been able to control red water fern at all sites
where it has been introduced (>150 sites known; Hill et al. 2008).
Dryophthorinae Schoenherr, 1825
Distribution. Dryophthorinae is comprised of 125 genera and 1,200 described species
(Anderson & Marvaldi 2014; Kuschel 1995, Oberprieler et al.2007). Dryophthorinae is
comprised of five tribes: Dryophthorini, Cryptodermatini, Orthognathini, Rhynchophorini
and Stromboscerini (Anderson & Marvaldi 2014). This subfamily occurs worldwide
(except in Australia) with the greatest species diversity concentrated towards the tropical
and subtropical climates of America, Africa, and Asia (Anderson & Marvaldi 2014).
Biology and Ecology
Host plant associations
Dryophthorinae are not as diverse as other weevil subfamilies (Anderson 2002).
The majority of Dryophthorinae are associated with the following monocot families:
Araceae, Arecaceae, Bromeliaceae, Musaceae, Orchidaceae, Pandanaceae, Poaceae and
Xanthorrhoeaceae (Anderson & Marvaldi 2014).
Feeding habits and oviposition
Adults vary in size from 2.5mm 95 mm; however, most are 10-20 mm in length
(Anderson & Marvaldi 2014). The majority of Dryophthorinae are black, but many have
red and black or orange and black pigmentation (Anderson 2002). Some dryophthorines
are associated with agricultural crops and grains (e.g., bananas, corn, rice, etc.) while
others are serious threats to agricultural industries (e.g., the tropical orchid and bromeliad
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industries; Frank and Thomas 2000). Some species of Sitophilus (e.g., S. oryzae - rice
weevil & S. zeamais - corn weevil) are major economic pests worldwide (Oberprieler et
al. 2007).
Females use their rostrum as a tool for oviposition and drill inside suitable plants
where they deposit a single egg (Eberhand 1983). Larval development is endophytic
within live stems or roots, seeds (e.g., subtribe-Litosomina), dying/decaying stems of
cycads (e.g., Phacecorynes) and dying/decaying angiosperms (e.g., Sipalinus: Anderson
& Marvaldi 2014).
Intracellular symbiosis (Endosymbiosis)
Intracellular symbiosis is widespread throughout the biotic world and it is no
surprise that such associations between insects and bacteria are common with varying
levels of interactions from parasitism to mutualism (Lefevere et al. 2004; Conord et al.
2008). Many insects (weevils) live on nutritionally poor substrates and the thought is that
endosymbionts help improve fitness of the host weevil (Margulis 1993) and help increase
their invasive power (Heddi et al. 1999). Intracellular bacteria live within specialized host
cells (bacteriocytes), which form an organ known as a bacteriome (Conord et al.RSSZ7\,
O=AC;@BJA9C;F,are primarily thought to aid in supplementing their host’s restricted diet,
but could also be playing a role in heat resistance (Montllor et al. 2002), broadening of
suitable host plants by detoxification (Tsuchidae et al. 2004) and parasite protection
(Oliver et al. 2003).
Dryophthorinae are one of the few groups of weevils in which endosymbionts
have been studied (Lefèvre et al. 2004) (two species within Curculionidae: MolytinaeHylobius abietis and Hylobius transversovittatus have also been studied; Conord et al.
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2008). To date, 20 species within Dryophthorinae (mostly within Rhynchophorini, one
from Orthognathini) have been studied and are known to harbor bacteriomes (Conord et
al. 2008; Lefèvre et al. 2004) and evidence suggests that endosymbionts have occurred
within weevils for over 125 Ma (Conord et al.2008).
Cyclominae Schoenherr, 1826
Distribution. Cyclominae has been traditionally viewed as a “subfamily of
convenience”, but saw a major overhaul by Oberprieler (2010) in an effort to create
synapamorphies for the group (Oberprieler et al. 2007). Cyclominae currently is
comprised of eight tribes that together contain 148 genera and 1,550 species (Oberprieler
2014). The majority are larger bodied weevils residing in the southern hemisphere
(Oberprieler et al. 2007). Only Hipporhini (17 genera, 400 species) resides in Africa and
extends into the Palearctic region, and Dichotrachelini is endemic to the western
Palearctic region (Oberprieler 2014). Listroderini, Aterpini and Rhythirrinini are
distributed in the southern hemisphere, whereas Amycterini and Notioimetini are
restricted to Australia, and Cyclomini to Africa (Oberprieler 2014).
Biology and Ecology
Host plant associations
Cyclominae are mainly found in open, lightly vegetated regions from ocean
shores to deserts and from montane grasslands to open dry forest (Oberprieler 2014).
Contrary to most weevil groups, very few genera are found in the subtropics (Oberprieler
2014). Under the current concept of Cyclominae (Oberprieler 2010), the eight tribes that
make up Cyclominae: Amyceterini, Aterpini, Cyclomini, Diabathrariini, Haplopodini,
Listroderini, Notiomimetini and Rhythirrinini have varying host associations and biology.
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Members of Amyceterini (39 genera; 400 species) have been documented as having
associations with mostly monocot families, such as Asparagaceae, Cyperaceae,
Ecdeiocoleaceae, Doryanthaceae, Poaceae, Orchidaceae, Restionaceae, and
Xanthorrhoeaceae (Howden 1986).
Aterpini (32 genera, 160 species) have a variety of host plants: conifers (e.g.,
Aesiotes leucurus within Cupressaceae and Araucaria within Araucariaceae), nonconiferous woody plant families (e.g., Corynocarpaceae, Scrophulariaceae, Myrtaceae;
May 1993), in addition to a suite of others (e.g., Asteliaceae, Asteraceae, Casuarinaceae,
Poaceae, Proteaceae, Rubiaceae, Xanthorrhoeaceae; Kuschel & Worthy 1996). Contrary
to others in Cyclominae, Aterpini have endophytic larva developing within roots, trunks,
stems, and inflorescences (Oberprieler 2014).
The small tribe Cyclomini (3 genera and 19 species) is generally restricted to the
southern region of Africa and remains virtually unstudied despite having been known
from collections for over 100 years (Oberprieler 2014). Cyclomini have only been found
associated with Iridaceae; however, this could be due to the general lack of biological
information available (Oberprieler 2014). The larvae of most Dichotrachelini (1 genera,
60 species) develop and pupate within moss cushions (Oberprieler 2014),
Hipporhinini (17 genera, 400 species) has historically been confused with
Cyclomini (Oberprieler 2010). Very little is known about the biology and host
associations of Hipporhinini. Adults have been found on Protea (Proteaceae) and larvae
have been found within roots of Searsia (Anacardiaceae; Oberprieler 2010). Other known
associations include genera within Asteraceae (e.g., Artemisia & Helichrysum),
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Amaranthaceae (Atriplex) and Caryophyllaceae (e.g., Cerastium & Spergularia;
Oberprieler 2014).
Listroderini (36 genera, 407 species) is relatively well studied studied due to
many species being economic pests (Oberprieler 2014). This thesis is not meant to
provide a comprehensive list of known associations, but to provide an idea of the
polyphagous lifestyle (feeding on monocots, eudicots, and core eudicots) and diversity
within Listroderini. Most information of Listroderini has come from studying Listroderes
and Listronotus. Listroderes is a known pest of clover (Fabaceae), cabbage
(Brassicaceae), carrots, celery (Apiaceae), potatoes, strawberries (Rosaceae), tomatoes,
tobacco (Solanaceae) and turnips (Brassicaceae; May 1977). Listronotus is another huge
economic pest of grain crops (e.g., barley, maize, oats, ryegrass, and wheat; Oberprieler
2024). Other members of Listroderini have been found in association with: Alismataceae,
Araceae, Apiaceae, Asteraceae, Cyperaceae, Hydrocharitaceae, Poaceae, and Solanaceae
(Oberprieler 2014).
Notiomimetini (7 genera, 14 species) inhabit ocean beaches, but have also been
found in leaf litter (Oberprieler 2014). No host plant associations are known (Oberprieler
2014).
Rhythirrinini (13 genera, 85 species) is poorly understood except for Rhythirrinus
inaequalis in which has been studied as a potential biological control agent for Emex
australis (Polygonaceae) in Australia (Scott & Way 1989). Host associations include
Amaranthaceae, Asteraceae, Boraginaceae, Brassicaceae, Goodeniaceae, Malvaceae, and
Scrophulariaceae (Oberprieler 2014).
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Entiminae Schoenherr, 1823
Distribution. Entiminae occur worldwide and are divided into 1,370 genera containing
more than 12,000 species that collectively inhabit all zoogeographical regions (Nearctic,
Palaearctic, Afrotropical, Oriental, Australian, Neotropical; Marvaldi et al. 2014). Fiftyfive tribes are recognized by Alonso-Zarazaga and Lyal (1999), with the majority (~40)
having restricted distributions. Ten tribes occur in two biogeographical regions, and three
occur in three or more biogeographical regions. For instance, Anypotactini, Entimini,
Eudiagogini, Eustylini, and Lordopini are Neotropical while Nothognathini is endemic to
India (Marvaldi et al. 2014; For more information regarding tribal distribution of
Entiminae see Table 2).
Biology and Ecology
Host plant associations
Entiminae are primarily associated with angiosperms; however, associations with
Embryophyta are known, but are thought to represent a secondary host shift (Marvaldi et
al. 2002). Entiminae are associated with the monocot family Poaceae, and with multiple
core eudicots within the rosids (e.g., Fabaceae, Fagaceae, Malvales, Rosaceae, Rutaceae)
and asterids clade (e.g., Asteraceae & Solanaceae; Ronse De Craene 2012; Marvaldi et
al. 2014). It is not uncommon for adults and larvae to feed on different hosts (Marvaldi
1998). Some entimines that have a worldwide distribution are associated with hundreds
of hosts (e.g., Fuller’s rose weevil- Naupactus cervinus & white-fringed weevilNaupactus leucoloma; Marvaldi et al. 2014).
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Table 2. Currently accepted tribes of Entiminae from Marvaldi et al. (2014) and
distributions of Entiminae as reported in Alonso-Zarazaga & Lyal (1999).
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Although most entimines are relatively polyphagous, many do exhibit strong host
preferences (oligophagy; Marvaldi et al. 2014). For instance, Pandeleteius (Tanymecini)
prefer trees/shrubs of Anacardiaceae, Asclepiadaceae and Fabaceae (Lanteri et al. 2002),
Sitona prefers nitrogen rich leaves and roots of Fabaceae (Marvaldi et al. 2014) and
Barynotus (Geonemini) feed on toxic roots of Euphorbiaceae (Morris 1976 as cited in
Marvaldi et al. 2014). It is thought that many entimines can feed on toxic substrates as
evident by Holcolaccus (Oosomini) feeding on an aster that accumulates nickel
(Berkheya coddii; Mesjasz-Przybylowicz & Przybylowicz 2001 as cited in Marvaldi et al.
2014).
Feeding strategies and oviposition
Most Entiminae seem to prefer a particular substrate or habitat rather than a
particular plant species as entimines are adapted for a suite of terrains from prairies to
deserts and vary from flightless and living under stones (Otiorhynchus) to fully winged in
the canopies of rainforests (Phaedropus; Marvaldi et al. 2014). Among polyphagous
species of Entiminae, it is common for adults and larvae to feed on separate plant taxa
(Marvaldi 1998 b). Adults do not generally harm plants as they feed on the leaves or
inflorescences (except when found in masses); however, the larvae of Entiminae are
known to cause considerable damage (Marvaldi et al. 2014).
Larvae of most Entiminae live freely in the soil and are found feeding both
internally and externally on roots (except for larvae of Ectemnorhinini and
Pachyhynchini; Marvaldi et al. 2014). Larvae of Ectemnorhinini feed on the soil surface
(Chown & Scholtz 1989), while larvae of Pachyrhynchini tunnel within branches (May
1978).
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Females of Entiminae do not use their rostrum for preparing oviposition sites;
however, two oviposition types occur: (1) eggs deposited loosely and randomly (“Sitona”
type; Marvaldi et al. 2014) (2) eggs deposited in batches (“Brachyderes” type; Marvaldi
1999). The “Sitona” type are usually placed on plant surfaces or within the soil, while the
Brachyderes type are typically covered with a sticky glutinous substance and hidden
between leaves, cracks, and crevices in the soil (Marvaldi 1999).
Economic pests
Several economic pests of legumes and other agricultural crops are known within
Entiminae. Researchers postulate that the ability of some entimines to feed on multiple
hosts has increased their economic impact when introduced to other parts of the world
(Marvaldi et al. 2014). For instance, between the Fuller’s rose weevil (Naupactus
cervinus) and white-fringed weevil (Naupactus leucoloma), over 385 species of plants are
suitable hosts; however, both N. leucoloma and N. cervinus prefer plants with broader
leaves (e.g., peanuts, soybeans, and strawberries; Marvaldi et al. 2014).
The European black vine weevil (Otiorhynchus sulcatus) has also become a
serious pest within nurseries and greenhouses (both angiosperms and gymnosperms
species; Moorhouse et al. 1992). Other root boring pests within the genus Otiorhynchus
include the cibrate weevil (O. cribricollis) on apples and cherries, rough strawberry
weevil (O. rugostriatus) on berries, vegetables, and fruit trees (Marvaldi et al. 2014).
Possibly one of the more economically damaging weevils is the Andean potato weevil
(Premnotrypes latithoraxi). P. latithoraxi larvae develop on higher altitude potato farms
and can account up to 70% crop failure if populations go unchecked (Marvaldi et al.
2014).
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Parthenogenesis
While most entimines reproduce sexually, parthenogenesis (development from an
unfertilized egg) has been documented within the subfamily. Parthenogenesis is fairly
common in invertebrates, particularly among beetles (Stenberg & Lundmark 2004).
There are over 900 species of insects with documented asexual reproduction (Normark
2003). Around 50 entimine species and others within Scolytinae and Cyclominae are
known to reproduce parthenogenetically (Marvaldi et al. 2014). The genus Otiorhynchus
is routinely used as a model for bisexual-parthenogenesis (Stenberg et al. 2000).
Parthenogenetic weevils produce only females from unfertilized eggs (thelytokous) and
cytological studies have shown that no meiosis is involved and females reproduce by
asexual reproduction (Smith & Virkki 1978 as cited in Marvaldi et al. 2014). The
morphological differences of parthenogenetic weevils and those that reproduce sexually
are striking, as apomictic weevils are generally larger bodied with missing or reduced
wings and reduced elytral humeri (Scataglini et al. 2005).
Several theories exist on the origin of parthenogenesis and polyploidy in weevils.
The first being that polyploidy and parthenogenesis did not originate simultaneously, but
are also not independent of one another (Suomalainen 1940). Thus, polyploidy is thought
to have originated from parthenogenesis (Suomalainen 1940). The second hypothesis is
asexuality originated before polyploidy (Saura et al. 1993). A third hypothesis has
developed within the last few years (Rodriguero et al. 2010) in which it is suggested that
Wolbachia plays a role in the origin of apomixes. The third hypothesis may be a more
viable hypothesis, since Wolbachia is already known to have altered the reproductive
strategies of other insect species by means of feminization, cytoplasmic incompatibility,
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and male death (Werren et al. 1995). Regardless, parthenogenesis may be more
widespread throughout entimines than is currently recognized (Marvaldi et al. 2014).
Parthenogenetic weevils have different distributions than the races of their
diploid, sexual kin (Suomalainen 1961). Parthenogenetic weevils often occur at higher
altitudes, islands, or in island-like habitats (Kearney 2005). However, if bisexual and
asexual weevils are closely related, a general rule of thumb is the asexual weevil race will
have the broader distribution (Vandel 1928 as cited in Marvaldi et al. 2014). As evident
by some of the root boring weevils (e.g. Otiorhynchus scaber) the introduction,
establishment, and dispersal of parthenogenetic clones supports the idea that polyploid
clones and parthenogenetic clones reproduce more quickly and thus are superior
colonizers of transitional habitats compared to sexual and diploid clones (Stenberg &
Lundmark 2004).
Color Mechanisms
Entimines display an incredible diversity of color patterns, including both
reflecting ultraviolent light and combining unique iridescences (Marvaldi et al. 2014).
Although UV reflectance is known in entimines (Pope & Hinton 1977), little is known
about the purpose or mechanisms involved (Marvaldi et al. 2014). Much more is known
about the use of iridescence by entimines. The iridescence of some members within the
tribes Leptopiini, Naupactini, and Pachyrhynchini is brightly pigmented and is produced
differently than in most other pigmented beetle species. Most beetles that are brightly
colored (e.g., aposematic red and yellow pigments) get their pigments from twodimensional reflectors (Pope & Hinton 1977). However, entimines produce their colors
by utilizing 3-dimensional photonic crystals similar to those found in opal stones (Parker
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et al. 2003). The chitin that is found on the elytra and exoskeleton of the weevil is
configured in a very tightly conformed lattice that reflects certain wavelengths of light in
such a way that the structural colors are the same from every angle. This remarkable
evolutionary adaptation is thought to maximize the ability to produce aposematic
warnings, cryptic camouflage, or even disruptive/mimetic coloration (Marvaldi et al.
2014; Parker et al. 2003).
Lixinae Schoenherr, 1823
Distribution. Lixinae includes 90 genera and 1,500 species (Alonso Zarazaga & Lyal
1999). The subfamily has a cosmopolitan distribution, with most diversity found in the
Palaearctic and Afrotropical regions (Meregalli 2014). Lixinae includes three tribes
(Lixini, Rhinocyllini, and Cleonini; Meregalli 2014). Lixini has a worldwide distribution.
Rhinocyllini is distributed in Central Asia and extends to the Mediterranean. Cleonini is
restricted to the Afrotropical region (Meregalli 2014).
Biology and Ecology
Host plant associations
An exhaustive list of known host associations for this large subfamily (90 genera,
1500 species) is beyond the scope of this thesis (see Meregalli 2014 for more details).
Members within Lixinae (Larinus & Lixus) are stem borers of Asteraceae and select
additional plant families (e.g., Apiaceae, Brassicaceae, Amaranthaceae; Meregalli 2014).
Other Lixinae have documented host associations with Amaranthaceae, Boraginaceae,
Fabaceae, Malvaceae, and Zygophyllaceae, to name a few of the families used (Meregalli
2014).
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Feeding strategies and oviposition
Biological information for Lixinae is scarce. Larvae are known to be stem or root
borers, but some records suggest predation on seeds, and others suggest that larvae have
the ability to produce galls (Meregalli 2014). Adults are typically found on the same host
plant taxa as developing larvae (Meregalli 2014).
Molytinae Schoenherr, 1823
Distribution. Subfamily Molytinae includes the former subfamily Cryptorhynchinae
(Alonso-Zarazaga & Lyal 1999; Lyal 2014). Molytinae is comprised of 989 genera with
8,700 species in 36 tribes (Lyal 2014). Molytinae have a worldwide distribution, but
reach their greatest taxonomic diversity in the tropics (Lyal 2014).
Biology and Ecology
Host plant associations
Similar to other weevils, both adult and larval molytines feed on many different
plants and exploit a wide range of plant parts (e.g., fruits, inflorescences, leaves, roots,
seeds, and stems; Lyal 2014). Host associations vary considerably, and essentially every
type of vascular plant has a molytine weevil associated with it (e.g., gymnosperm,
monocots, eudicots, and core eudicots; Lyal 2014). It remains unclear whether known
host associations are from adult feeding preferences or the congregation of both males
and females during oviposition (Lyal 2014; see Table 3 for more detailed information
about known host associations for Molytinae).
Feeding strategies and oviposition.
Adult Molytinae are usually found feeding on living leaves, but some molytines
are borers within both living and dead/decaying wood. The larvae of Molytinae generally
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live an endophytic lifestyle and are found feeding in living, decaying or dead plant
tissues. Similar to adults, larvae utilize almost all plant parts (living to dead fruits,
inflorescences, leaves, roots, seeds, and stems; Lyal 2014). The rostrum of Molytinae
varies from long and slender to short and wide (Lyal 2014; see Table 4 for more detailed
information about known larval feeding strategies for Molytinae.
The most common method of oviposition within Molytinae is for females to lay
eggs directly into a plant substrate by utilizing their rostrum to drill a hole (Howden
1995). Adults of Tentegia collect dung from wallabies and kangaroos and store them
under logs, where they then proceed to lay a single egg inside each pellet of dung
(Wassell 1966 as in Lyal 2014). The rostrum of Molytinae varies from long and slender
to short and wide (Lyal 2014; see Table 4 for more detailed information about known
larval feeding strategies for Molytinae).
Courtship and mating
Aggregation pheromones have been documented in a number of species of
Molytinae (e.g. Conotrachelus, Cryptorhynchus, Pissodes and Sternechus to name a few)
(Giuliano Ambrogi et al. 2009). Contrary to most insects, males produce pheromones and
attract both males and females. Pheromones are though to be utilized as a feeding signal
more so than as a mating signal (Lyal 2014).
Another courtship and mating strategy of Molytinae is that many molytines
possess an elytro-tergal stridulatory file to attract members of the opposite sex (Lyal &
King 1996). Mate guarding has also been observed in some Molytinae between
copulation and oviposition (Lyal 2014). This mate guarding behavior varies from passive
to actively fighting other males.
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Table 3. Host associations for Molytinae as reported in Lyal (2014).
Tribe
Host associations
Aedemonini
Combretaceae; Anacardiaceae
Amalactini
Cyperaceae; Marantaceae; Poaceae
Amorphocerini
Zamiaceae
Anchonini
(Euphorbiacea); Musaceae; Verbenaceae
Cholini
Arecaceae; Bromeliaceae; Cyperaceae; Marantaceae; Poaceae
Cleogonini
(Asclepidaceae); Asteraceae; (Fabaceae)
Burseraceae; Caricaceae; Euphorbiaceae; Fabaceae; Fagaceae;
Cryptorhynchini Moraceae; Pinaceae; Poaceae; Rubiaceae
native host unknown; introduced in Madagascar and
Cycloterini
feeds on cocoa
Dinomorphini
Myrtaceae; Vitaceae
Euderini
Betulaceae; Dipterocarpaceae; Fagaceae; Proteaceae
Gasterocercini
Anacaridiaceae; Araucariaceae; Fabaceae; Moraceae; Pinaceae
Guioperini
Native host unknown
Ithyporini
Arecaceae; Burseraceae; Fabaceae; Pinaceae
Juanorhinini
Asteraceae; Betulaceae; Rosaceae; Salicaceae; Winteraceae
Lepyrini
Native host unknown
Lithinini
Native host unknown
Lymantini
Pinaceae
Convolvulaceae; Dipterocarpaceae; Fabaceae; Malvaceae;
Mecysolobini
Myrtaceae; Nepenthaceae; Verbeniaceae
Metatygini
Moraceae
Apiaceae; Araliaceae; Asteraceae; Araucariaceae; Cupressaceae;
Molytini
Lythraceae; Moraceae; Polygonaceae; Ranunculaceae
Orthorhinini
Araucariaceae; Dilleniaceae; Ericaceae; Euphorbiaceae; Myrtaceae
Pacholenini
Myrtaceae
Paipalesomini
Urticaceae; Zingiberaceae
Petalochilini
Annonaceae; Arecaceae; Araucariaceae; Fabaceae;
Phoenicobatini
native host unknown
Phrynixini
Cunoniaceae; Lygodiaceae
Pissodini
Cupressaceae; Pinaceae; Taxaceae
Psepholacini
Araucariaceae
Sophrorhinini
Celastraceae; Cucurbitaceae; Malvaceae; Ulmaceae
Sternechini
Fabaceae
Sthereini
Cupressaceae
Styanacini
Myrtaceae
Torneumatini
Amaryllidaceae; Asparagaceae; Xanthorrhoeaceae
Trachodini
Anacardiaceae; Caricaceae; Fabaceae; Fagaceae
Trigonocolini
Fabaceae
"6+(;&#$0$
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Table 4. Feeding strategies of Molytinae larvae as reported in Lyal 2014.
Tribe
Larvae habits
Aedemonini
borers in dead wood
Amalactini
stem bores
Amorphocerini
cycad cones
Anchonini
dead wood & leaf litter
Cholini
stem borers
Cleogonini
seed predation
borers in bark, sapwood, stem, and living and dead plants; seed
Cryptorhynchini
predation
Cycloterini
stem and sapwood borers
Dinomorphini
gall formers
Euderini
borers in infructescences, seeds, nuts & leaf litter and under stones
Gasterocercini
wood borers
Guioperini
unknown
Ithyporini
wood borers
Juanorhinini
ectophytically on roots or under stones
Lepyrini
Unknown
Lithinini
Unknown
Lymantini
fresh cut wood & under dead wood; caves
Mecysolobini
seed predation; stem borers; root borers
Metatygini
seed predation
Molytini
stem and root borers
Orthorhinini
stem borers
Pacholenini
stem gall formers
Paipalesomini
unknown
Petalochilini
borers in infructescences
Phoenicobatini
Unknown
Phrynixini
decaying wood borers; leaf litter; leaf miners
Pissodini
root, stem and wood borers
Psepholacini
wood borers
Sophrorhinini
seed predation
Sternechini
stem gall formers; seed predation
Sthereini
wood borers
Styanacini
wood borers
Torneumatini
soil-inhabiting; feed on bulbs or tubercles
Trachodini
stem borers
Trigonocolini
unknown
Typoderini
unknown
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Defense and crypsis
The typical and most obvious form of defense of some molytine weevils is the
ability to bring all extremities into a tight fitting form (similar to that of turtles, but
weevils can not go inside their exoskeleton). To initiate this “hiding” behavior, the head
and rostrum are bent downward, and the rostrum locks into a sternal channel (Lyal 2014).
The head and rostrum are very well protected and generally only a small antennal scape
is exposed to detect when a predator leaves. The legs can fold beneath the weevil, and
some taxa have even evolved grooves on the legs for an even more protected position by
allowing the legs to be pulled in even tighter (Lyal 2014). The end result is a very solid,
tough capsule that is very resistant to crushing (Riedel et al. 2009). Members of
Cryptorhynchini (formerly of Cryptorhynchinae), when disturbed, will go into this folded
position and then drop to the ground below, utilizing their elytral pigmentation as
camouflage (Lyal 2014).
It is easy to see that crypsis is an important feature of many molytines, since many
species have patchy patterns of browns, tans, and black. Molytine coloration has been
documented to mimic a variety of unappealing things. For instance, Cryptorhynchus
lapathi have elytra with patchy whites, brown, and black and is thought to resemble bird
droppings (Copestake 1983). Other peculiar mimics include rotten seeds (Rhinochenus),
lichens (Lithinus), and spiders (Rhyephenes; Lyal 2014).
Although crypsis and folding up may be a more general pattern of Molytinae, a
few molytine, such as a number of palm-associated weevils, are flattened and live in
narrow crevices between the palms where it is difficult for predators to access them (Lyal
2014).
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Mesoptiliinae Lacordaire, 1863
Distribution. Mesoptiliinae is divided into four tribes (Carciliini, Laemosaccini,
Magdalidini and Mesiptillini) comprised of 24 genera and more than 200 species
worldwide (Lyal 2014). The majority of the diversity is found in the Neotropical and
Australian regions; however, other Mesoptiliinae can be found in Argentina, Canada,
China, Japan, Siberia and Vietnam (Lyal 2014)
Biology and Ecology
Host plant associations
Mesoptiliinae host-plant associations are typically restricted to core eudicots (e.g.,
Fagaceae - Quercus falcata; Notohofagaceae- Nothofagus; Ulmaceae- Ulmus
americana); however, at least one mesoptiline is associated with ponderosa pine (Pinus
ponderosa; Lyal 2014). Some Mesoptiliinae are considered economic pests, especially
the genus Magdalis, which feeds on a variety of woody trees (Lyal 2014). Other
associations include Apiaceae, Anacardiaceae, and Fagaceae (Lyal 2014).
Feeding strategies and oviposition
In general, adult Mesoptiliinae are found feeding on leaves producing a shotgunlike damage (Lyal 2014). Similar to other wood-boring curculionid larvae, the larvae of
Mesoptiliinae feed on both living, dead, or decaying wood both in branches and under the
bark (Anderson 1993). Females have been found ovipositing eggs on stems, cracks in the
bark, or digging small pits into the bark and depositing up to four eggs before covering
the eggs with a viscous secretion (May 1993).
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Mimicry
Research suggests that members of the genus Laemosaccus are Batesian mimics
of certain speceis in the toxic chrysomelid subfamily Clytrinae, due to the solid black
elytra with two red spots (Hespenheide 1996).
Conoderinae Schoenherr, 1823
Distribution. Conoderinae is divided into four super tribes (Conoderitae, Bariditae,
Ceutorhynchitae, and Orobitiditae) and comprised of 940 genera and 7,571 described
species worldwide (Prena et al. 2014). The majority of species diversity resides in the
tropics (Neotropical and Afrotropical). The super tribe Conoderitae has a Gondwanan
distribution and consists of 212 genera and 1,371 species (Prena et al. 2014). Bariditae
(551 genera, 4,032 species) are cosmopolitan in distribution, but are most diverse in the
Neotropics (Prena et al. 2014). However, Bariditae also has a moderately diverse
distribution in the Palaeotropical and temperate regions and a few species are known in
the subarctic and subalpine zones (> 3000 meters; Prena et al. 2014). The
Ceutorhynchitae (175 genera, 1,371 species) are also distributed worldwide; except in
Antarctica and the southern tip of South America (Prena et al. 2014) and similar to
Bariditae can be found from sea level to high altitudes (up to 4200 meters; Prena et al.
2014). The Orobitiditae (2 genera, 4 species) have two species residing in the Palearctic
and two in South America (Prena et al. 2014).
Biology and Ecology
Conoderinae- Bariditae
Known host associations include both monocots and core eudicots, although some
have been found on tree ferns (Prena et al. 2014). Adults often are found feeding on
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different hosts than developing larvae (Prena et al. 2014). Associations with more
advanced eudicots and core eudicots serve as the more basal/primitive hosts as larvae are
found developing in more vegetative tissue (stem or roots) and pupate in galleries bored
into roots and stems (Prena et al. 2014). The association with monocots represents a
secondary host shift in that larvae have adapted new development tendencies (e.g.,
accelerated development and fewer instars, preferring reproductive plant tissues, and
pupation in the soil; Prena et al. 2014). Bariditae are known economic pests of many
agricultural crops (e.g., cucurbits, cereal grains, potatoes) and host-associations include
Amaranthaceae, Asteraceae, Brassicaceae, Cucurbitaceae, Poaceae and Solanaceae
(Prena et al. 2014).
Conoderinae- Conoderitae
Some conoderines are known economic pests of Persea americana (avocadoes),
Helianthus (sunflowers), and conifer and mahogany trees. Few host associations are
known for Conoderitae; however, those that are known include both gymnosperms and
angiosperms. Most species appear to prefer dead wood of eudicots and certain temperate
conifer species (Prena et al. 2014). Others prefer to bore in the stems or roots of
herbaceous plant such asters, mistletoes, and orchids (Prena et al. 2014).
Some other genera have evolved unusual feeding strategies and ecologies. For
instance, two separate genera (Helleriella & Lissoderes) are inquilines (a tenant or freeloader) living among and raised by ants (Hespenheide 1980), while two other genera
(Cylindrocopturus & Philides) are inquilines of gall producing beetles (Medianero et al.
2008). An additional unusual feeding strategy belongs to Phaenomerus and its
relationship with the wood boring species of Platypodinae. Phaenomerus live in the
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galleries produced by platypodines and eat the fungi and dead platypodines, but no
records have been found of active predation upon living platypodines (Thompson 1996).
Extreme sexual dimorphism has been documented in several genera (e.g.,
Lissoderes & Pseudolechriops) which has lead some researchers to theorize specialized
mating behaviors, but no such behaviors have been reported (Prena et al. 2014).
Conoderinae- Ceutorhynchitae
Some species within Ceutorhynchitae (Ceutorhynchini) are of agricultural and
economical importance on various crops such as cabbage (e.g., Brassica oleraceae),
canola (e.g. Brassica napus), grapes (e.g., Vitis), onions (e.g., Allium), purslane (e.g.,
Portulaca) poppy (e.g., Papaver) and turnips (e.g, Brassica). Those of less economical
importance (e.g., Egriini, Hypohypurini, Lioxyonychini, and Mecysmoderini) remain
little-studied (Prena et al. 2014). Ceutorhynchitae are collectively associated with the
following plant families: Amaryllidaceae, Anacardiaceae, Betulaceae, Brassicaceae,
Fagaceae, Papaveraceae, Portulacaceae and Vitaceae (Prena et al. 2014). Adult
Ceutorhynchitae are polyphagous and can be found on a variety of host plants, utilizing
nearly all plant parts (e.g., flowers, leaves, and stems; Prena et al. 2014).
It is this adaptability of Ceutorhynchitae that has led to many different and
specialized habits (Prena et al. 2014). For instance, in terrestrial landscapes, multiple
species have evolved the ability to jump (Furth & Suzuki 1992) while others have
adapted to utilizing semi-aquatic to fully aquatic vegetation. Drupenatus nasturtii
(Germar 1824) and Poophagus sisymbrii (Fabricius 1776) have the ability to walk on
water (Prena et al. 2014). While others (e.g., Amalorrhynchus, Pelenomus, Rhinoncus,
and Tapinotus) are excellent swimmers, and even perhaps even more incredibly,
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Eubrychius velutus (Beck 1817) and Phytobius leucogaster (Marsham, 1802) can breathe
underwater by utilizing dissolved oxygen found in the water (Prena et al. 2014).
Conoderinae- Orobitiditae
Very little is known about Orobitiditae. They are associated with plants in the
violet family (Violaceae). The larvae develop inside seed capsules and overwinter in the
ground (Urban 1925 as cited in Prena et al. 2014).
Curculioninae Latreille, 1802
Distribution. Curculioninae, as recognized here, is comprised of 350 genera and 4,500
species in 34 tribes (Alonso-Zarazaga & Lyal 1999; Caldara et al. 2014; Oberprieler et al.
2007; Thompson 1992). Curculioninae, as a whole, can be found anywhere with suitable
vegetation (Oberprieler et al. 2007). However, most groups (tribes) are geographically
restricted. A few tribes have a near cosmopolitan distribution (e.g., Curculionini and
Rhamphini are found worldwide; Anthonomini and Tychiini are missing only from the
Australo-Pacific region; Caldara et al. 2014). According to the catalogue of weevil
genera (Alonso-Zarazaga & Lyal 1999), nine tribes occur in the New World (Camarotini,
Ceratopodini, Erodiscini, Otidocephalini, Piazorhinini, Prionobrachiini, Pyropini,
Sphaeriopoeiniand Thecesternini) and only two are thought to have a Gondwanan
distribution (Eugnomini in Australia and South America & Derelomini in Africa and
Central/South America; see Alonso-Zarazaga & Lyal 1999 for more information on
tribal-level distributions). The compositions of tribes within Curculioninae are mostly
composed of regional taxa and have become a “large conglomerate of taxa of
questionable relationships” (Anderson 2002). Further advancement of internal
relationships will certainly create changes of group concepts and help identify
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synonymous classifications to help solidify distributions within Curculioninae (Caldara et
al. 2014).
Biology and Ecology
Host association
Due to the unresolved internal relationships in this subfamily, host association
patterns remain ambiguous. Published records of host associations are either missing or
inaccurate as the collection data typically indicates host on which weevils were found and
does not always represent the host for oviposition (Caldara et al. 2014). Nonetheless, a
general overview of host associations, feeding strategies, life histories, and oviposition is
presented here.
As a whole, curculionine adults can be found on flowers, fruits and leaves of
many herbaceous plants and trees in nearly all habitats. Larvae are typically endophytic,
developing inside the reproductive parts of their host plants, except for one tribe (Cionini)
that are ectophytic (Caldara et al. 2014).
Leaf-mining & gall-inducing
Two main lifestyles occur in Curculioninae: leaf mining and gall production
(Caldara et al. 2014). Those tribes that have been found to exhibit a leaf mining life style
include Rhamphini (Hespenheide 1991), the European distributed weevils within
Anoplini and Styphlini (Caldara et al. 2014), the New Zealand tribe Storeini (May 1993),
and the South American tribes Camarotini, Piazorhinini, and Prionobrachiini (Caldara et
al. 2014). The morphology of leaf-mining Curculioninae differs from those that produce
galls. Leaf-mining species tend to be more dorsoventrally flatted with a head that is
straight and in-line with the main body axis (prognathous).
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The production of galls is far more common in Curculioninae than any other
subfamily of Curculionidae, except Conoderinae-Ceutorhynchini (Caldara et al. 2014).
This galling lifestyle appears to be derived from stem boring ancestors as no transitions
from leaf-miners are known (Caldara et al. 2014). Taxa that can incite galls have been
able to widen their hosts’ target organs to include the entire plant and also adapt to utilize
short-lived plants with small stems (Caldara et al. 2014; Korotyaev et al. 2005). Thus,
galling enables a greater number of related species to exploit the same host. Gall
production has also helped to diversify the larval habits to utilize additional plant tissues
without forming definite feeding niches as evident by no closely related gall-inducing
species developing on different hosts (Caldara et al. 2014; Korotyaev et al. 2005).
Economic Importance
Curculioninae are important pollinators of many magnoliids (e.g., Canellales,
Laurales, Magnoliales, Piperales). There is an intimate association between certain palms
and weevils in the tribes Derelomini and Acalyptini (Caldara et al. 2014). One example is
the derelomine Elaeidobius kamerunicus, which was introduced in Asia and South
America to improve the seed set in the African oil palm (Elaeis guianensis; Krantz &
Poinar 2004). Other weevil-pollinated magnoliids include certain species in the families
Annonaceae, Eupomatiaceae, Myristicaceae and Winteraceae (Caldara et al. 2014)
In addition to the pollination services, the high host specificity of Curculioninae
makes them excellent vehicles for biological control. To date, species from only a small
number of tribes within Curculioninae have been used as biological control agents for
invasive plants (e.g., Mecinini, Smicronychini, and Storeini; Julien & Griffiths 1998).
Mecinini have been relatively successful at controlling the invasive European species of
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toadflax (Linaria) in North America (Julien & Griffiths 1998). Species of Storeini
released in South Africa have been successful at controlling the invasive Australian shrub
Hakea sericea (Proteaceae; Caldara et al. 2014).
Cossoninae Schoenherr, 1825
Distribution. Cossoninae are found worldwide in suitable habitats (Oberprieler et al.
2007). Cossoninae are divided into 275 genera and ~1,700 species (Alonso-Zarazaga &
Lyal 1999; Jordal 2014; Kuschel 1995; Oberprieler et al. 2007). Most of the southern
hemisphere tribes have restricted geographic ranges that seem to follow the relictual
distributions of their host plants (Araucariaceae; Kuschel 1966). Other genera, e.g.,
within the tribes Onycholipini, Pentarthrini, and Cossonini have near cosmopolitan
distributions (Alonso-Zarazaga & Lyal 1999; Jordal 2014).
Biology and Ecology
Host associations
Information pertaining to the host associations of Cossoninae are lacking for most
cossonines as larvae lack any sort of degree of host specificity (Jordal 2014). A few
cossonines are associated with magnoliids and ferns (Oberprieler et al. 2007) in
particularly, the family Araucariaceae (Jordal 2014) while others are found on various
eudicots and core eudicots (Jordal 2014).
Feeding strategies and oviposition
Adults and larvae of Cossoninae are usually found tunneling into stems and trunks
of various stages of decay (Jordal 2014). Larvae have even been known to develop in
leaves, seeds and fruits (Kuschel et al. 2000).
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Mating and oviposition typically occur on the same host plant (Jordal 2014).
Cossonine males have been observed guarding eggs until they are hatched, similar to
males Scolytinae (Jordal 2014). Females often lay eggs in small crevices on the plant’s
surface while other females in various other cossonine genera (e.g., Araucarius,
Eurycorynophorus, Inosomus, Protoplatypus, Phylloplatypus, Stenoscelodes, Stenocelis)
mate inside the hosts and then lays their eggs in tunnels previously dug out by the adults
(Jordal 2014).
Scolytinae Latreille, 1806
Distribution. Scolytinae (bark and ambrosia beetles) are found worldwide on all forested
continents (Jordal 2014). There are 27 tribes containing 250 genera and nearly 6,000
described species (Jordal 2014; Wood & Bright 1992). The greatest species diversity is
found in the tropics, though several tribes have more restricted distributions and are
endemic to specific regions, (e.g., Bothrosternini in the Neotropical and Nearctic regions,
and Hyorrhynchini in the Oriental region; Jordal 2014).
Biology and Ecology
Feeding Strategies and oviposition
Host associations vary from very specific to extremely broad, and range from
living to dead, and rotten to dry tissue (Jordal 2014). In most cases, bark beetle larvae
feed and develop in woody substrates of larger tissues such as branches and trunks of
dead trees and shrubs. However, about 300 species from various tribes (e.g., Corthylini,
Cryphalini, Crypturgini and Dryocoetini) utilize substrates uncharacteristic of most bark
beetles such as woody petioles, fern fronds, fruits, herbs, seeds, palm leaves and
mangrove roots (Jordal 2014). There are only a few species within Scolytinae (e.g.,
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Dendroctonus and Ips) that can attack healthy, living trees, and tree die-offs can occur
when colonization densities are high enough (Jordal 2014).
Facultative associations with fungi
The majority of bark beetles are associated with facultative fungi that provide
nutrients to the weevil that it could otherwise not get from its exclusive wood-feeding
diet. Although bark beetles do not necessarily need fungi to survive, dietary fungi
increase levels of soluble steroids (e.g., estrogen) resulting in higher survival and
fecundity (Bentz & Six 2006). The close association with symbiotic fungi (in particularly
those associated exclusively with sapwood) is well supported (Beaver 1989; Bentz & Six
2006; Jordal 2014; Mueller & Gerardo 2002; Paine et al. 1997). It is thought that the
strong dependence on fungal steroids to increase fecundity rates and larval maturation has
led to the evolution of fungal gardening (growing fungi on walls of their galleries for
food) no less than ten times independently (Farrell et al. 2001; Mueller & Gerardo 2002).
This is incredible given the fact that fungal gardening has otherwise only evolved twice
in insects, once in ants and once in termites (Mueller & Gerardo 2002).
Host plant
The host plant provides nutritional resources and materials to support the growth
and reproduction of both bark beetles and associated fungi (Jordal 2014). Typically,
scolytids colonize freshly killed trees (whether by the beetles themselves or finding it
afterwards; Beaver 1989). The freshly killed tree proves to be an inhospitable
environment due to host tree defenses being high (Beaver 1989). Tree killing beetles are
often aggressive in attacking the tree by producing pheromones that signal a mass attack \
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to quickly overtake the host’s innate defenses (Harrington & Cobb 1983). Associated
fungi are often pathogenic to the newly colonized host plant, which in turn, help the fungi
to persist during the more toxic defense stage (Beaver 1989). Incredibly, the more
aggressive beetles that can cause tree-die offs (e.g., Dendroctonus and Ips) have less
virulent fungi (Paine et al. 1997) than those that persist in living hosts, which typically
are associated with more highly virulent fungal strains (Jordal 2014). These differences
may provide insight into the life histories of the fungi, as the more aggressive beetles kill
the host quickly so plant defenses are only active for a short time; however, scolytids that
live in healthy wood need the more virulent strain to ward off the chemical attacks from
the hosts (Six 2012).
Besides the innate defenses of the hosts, an additional challenge with using solely
trees as a substrate, is that the quality and conditions change over time. Typically, trees
are their most moist at the time of colonization, but over time the phloem is either eaten
or degraded, causing the tree to dry out (Six & Klepzig 2004). Moisture loss has been
documented to be a huge detriment to developing broods as it can result in brood death
(Amman & Cole. 1983). With all the changes in tree substrate (e.g., defense chemistry,
moisture and nutritional loss), the host plant can have a dramatic effect on the prevalence
of fungal associations (Six 2012).
Adams and Six (2006) published the degree of changes in the fungal
developments associated with Dendroctonus ponderosae within a newly colonized pine.
The initial fungus was a more virulent strain (Grosmannia clavigera) in order to survive
the pine’s strong defense. However, as D. ponderosae continued to develop, the pine’s
defenses and moisture-levels decreased a shift to a less virulent fungus (Ophiostoma
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montium) occurred. Thus showing how the substrate changes over time not only
influences the beetle’s lifecycle, but also the life cycle and types of fungi available
(Bleiker & Six 2008).
Mating and Oviposition
Many scolytines use pheromones to attract mates, whether by tree terpenoids or
by de novo synthesis (Byers 2004). The mating system in most bark beetles is monogyny
where females build galleries and recognize viable mates by determining the setea on the
frons of the head; Jordal 2014). Polygyny is also known in all genera of Ipini,
Pityophthorina and Polygraphini (Kirkendall 1983).
Similar to some species of Conoderinae, adult bark beetles will hollow out mating
spaces and egg galleries within the host tissue (Jordal 2014). The egg galleries lead away
from the mating chamber, thus resulting in remarkable wood engravings (Jordal 2014).
This mating strategy provides the mating individuals and developing larvae protection
from predators while older scolytine galleries provide additional resources for other
insect colonizers (e.g., Brentinae, Bariditae, and Conoderinae; Jordal 2014).
After mating, male species may stay with the female during oviposition and larval
development to help clean out the tunnels (by removing the frass) and blocking the
entrance to newly excavated tunnels from predators and parasitoids (Jordal 2014).
Scolytinae have some of the most unique mating systems among all of Coleoptera
in that many scolytines regularly inbreed with multiple individuals creating a strong bias
of females (ten times more females; Kirkendall 1993). Kirkendall (1993) reports that
daughters will mate with a brother before leaving the nest in search of new potential
hosts. This female biased ratio is presumed to occur by one of the two different methods:
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(1) parthenogenesis creates haploid males (e.g., Xyleborini; Takenouchi & Takagi 1967)
(2) partial genome reduction or elimination where developing males’ chromosomes are
condensed before the formation of the zygote (e.g., Hypothenemus; Brun et al. 1995).
Whether by consequence of parthenogenesis or genome manipulation, the morphological
differences between males and females vary dramatically. Many males never develop
functional wings and body sizes range from being extremely small to larger than females
with pronotal horns or enlarged mandibles (Jordal 2014).
Ecological impact of inbreeding
Due to the irregular mating system where females mate with siblings (mainly in
Xyleborini, Coccotrypes, and Hypothenemus) before dispersing, many invasive species of
Scolytinae are well adapted to the genetic pressures faced (e.g., inbreeding depression) of
small invasive populations (Jordal 2014). As evident in the inbreeding species on
tropical islands (Jordal et al. 2001) and that majority (74%) of invasive species of
Scolytinae in North America are known inbreeders (Haack 2003).
Platypodinae Shuckard, 1840
Distribution. Platypodinae or ambrosia beetles get their name due to the intricate
association with ascomycete fungi and the fungi they handle have thus been called
ambrosia fungi (Mueller et al. 2005). Platypodinae is comprised of four tribes containing
34 genera and 1,400 species (Jordal 2014; Wood & Bright 1992). The vast majority of
species reside in the tropics with only eight species extending north to the southern
United States and two into southern Europe (Jordal 2014). In large part, a high percentage
(76%) of tribes are endemic to/restricted to a single continent or landmass, as evidenced
by many groups having closely related genera on different continents (Jordal 2014). To
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date, only two species are known to have pantropical distributions, Euplatypus parallelus
and Crossotarsus externedentatus (Jordal 2014; Wood & Bright 1992).
Biology and Ecology
Feeding strategies and oviposition
Unlike many wood boring species of Scolytinae, nearly all of the species in
Platypodinae (ambrosia beetles) are fungus farmers (Jordal 2014). Most platypodines
grow and consume fungi in tunnels dug out in the sapwood/heartwood of a dead tree,
with the exception of the early-divergent wood feeding taxon Schedlarius, and the
phloem-feeding Mecopelmus (Jordal 2014). This close association with fungi is
paramount for larval maturation due to the steroid components gained from consuming
fungi (Kok et al. 1970).
Females transport and inoculate ambrosia fungi by highly specialized structures
known as mycangia on the pronotum or in the coxal cavities (Beaver 1989). Once the
ambrosia spores have been inoculated, the female actively “farms” the fungi by
controlling the growth and composition of the ambrosia fungi (Beaver 1989) as
evidenced by if the female dies, the fungi overgrow and become contaminated with other
fungi and bacteria resulting in the death of the brood (Norris, 1976).
The ability to produce ambrosia gardens has allowed dispersing females to
transport ambrosia fungi from their brood to other hosts, thus maintaining the same
fungal associations from generation to generation (Six 2003). Platypodines can utilize a
wide variety of host tree families with some species known to have colonized 10-20
different plant families (Browne 1958).
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Unlike scolytids, very few ambrosia beetles can attack living trees (Jordal 2014).
However, some species of Platypus, Notoplatypus elongates, Trachyostus ghanaensis can
colonize living trees and multiple generations can thrive with little apparent damage to
the tree (Kirkendall et al.1997). Tree die-offs from platypodines are rare and only a few
species of Platypus and Euplatypus are capable of causing tree die-offs (especially if the
tree is already weakened or otherwise unhealthy; Jordal 2014).
Platypodines are typically monogamous and the male stays with the female
throughout the stages of larval development (Kirkendall et al. 1983). The male makes the
entrance to a new mating tunnel/chamber and allows a single female into the new tunnel
(Jordal 2014). Mating then occurs near the opening, and afterwards, the female will dig a
longer tunnel and lay (depending on the species) anywhere from 10-50 eggs (Browne
1961). The male continues to help the female remove frass from the tunnels toward the
entrance in an attempt to block the tunnel from any evading predator or parasitoid.
Developing larvae can then move freely to fungi and dig vertical “cradles” before
undergoing pupation (Jordal 2014).
The prolonged duration of broods (months to years) plus behavior of both male
and female adult platypodines creates interesting social behaviors. For instance, many
species actively care for developing young by moving them closer to food sources
(Kirkendal et al.1997). Some females have evolved morphological features, such longer
appendices on the antennal scape, to help facilitate protection and movement, as seen in
the Australian species Austroplatypus incompertus in which the females that are
uninseminated stay behind to help the mothers care for the young (Kent & Simpson
1992). A. incompertus daughters cannot leave the nest due to missing tarsi that are
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essential in grasping a foothold on external substrates. To date, A. incompertus is the only
known platypodine where the male does not stay and help with the developing brood
(Jordal 2014).
Bagoini Thomson, 1859
Distribution. Bagoini is a monotypic tribe and is distributed worldwide (except in
Central and South America; Oberprieler et al. 2014). The genus, Bagous, consists of 300
species with nearly half of the species diversity residing in the Palaearctic region
(130 species; Oberprieler et al. 2014). The remaining species are found scattered in the
Nearctic (40 species), Afrotropical (50 species), Oriental (50) and Australian regions (30
species; Oberprieler et al. 2014).
Biology and Ecology
Host Association
Most Bagous species are monophagous, feeding on various orders of angiosperms
with aquatic to semi-aquatic habits, such as Alismatales and Poales. Within the order
Alismatales, five plant families have known associations with Bagoini: Alismataceae,
Betulaceae, Juncaginaceae, Hydrocharitaceae, and Potamogetonaceae (Oberprieler et al.
2014). Within the order Poales, three families are documented to have associations with
Bagous species: Cyperaceae, Juncaceae, and Poaceae (Oberprieler et al. 2014). In
addition to the aforementioned families, various other families with aquatic habits include
Azollaceae, Brassicaceae, Cabombaceae, Caryophyllaceae, Ceratophyllaceae,
Equisetaceae, Frankeniaceae, Haloragaceae, Lenticulariaceae, Menyanthaceae,
Nymphaeaceae, Ranunculaceae and Scrophulariaceae (Oberprieler et al. 2014).
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Feeding strategies and oviposition
All species of Bagous are aquatic and as such are restricted to a steady water
source, either standing pools or running streams. Bagous is associated with the plants that
are associated with such habitats as lakes, ponds, swamps, floodplains, and even man
made structures such as irrigation canals or roadside ditches. Adults spend the day under
water, hidden on the host plant, and only come to the surface at night to renew their
oxygen supply, feed, mate, and oviposit (Oberprieler et al. 2014). Their ability to spend
an inordinate amount of time underwater is due to holding air bubbles produced by plants
on the underside of the body (aka plastron respiration; Sprick 2001). The plastron
respiration is made possible by a thin layer of air on the body into which oxygen is able
to diffuse from the water and is then utilized by the weevil. An additional air bubble has
been found underneath the head and between the thorax, which is thought to provide both
supplemental oxygen and additional buoyancy (Langer & Messner 1984). Bagous, like
many aquatic insects, swim by a “dogpaddle-like” stroke with the forelegs which helps
propel the weevil through the water and their middle and back legs function as a rudder
(Oberprieler et al. 2014).
Adults range in size from 1.2-8.9 mm and feed on leaves, stems, and tubers
(Buckingham & Bennett 1994). Female adults usually lay one or more eggs in the leaf
petiole by making a small depression with the rostrum and then using the ovipositor to
insert each egg into the newly created niche (Oberprieler et al. 2014). Adult Bagous
typically eat small holes in the stem (above the leaf whorl), but boring/feeding both
internally and externally within tubers is not uncommon (Oberprieler et al. 2014). It is
unclear whether the signal of damaged plant tissue or the sight of an adult feeding causes
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adults to congregate (Buckingham & Bennett 1994). Larvae feed on the petiole and
usually develop inside plant tissue above the water, but some species develop in tunnels
and roots underwater (Oberprieler et al. 2014).
Gonipterini Lacordaire, 1863
Distribution. Gonipterini (as treated here) consists of 8-9 genera and 130 species
(Oberprieler et al. 2014). The majority of Gonipterini are found in Australia; however,
small numbers of species are distributed on islands scattered around Australia and New
Zealand (e.g., Lord Howe Island, New Caledonia, and Fiji; Oberprieler et al. 2014). A
few genera (e.g., Oxyops and Gonipterus) have been introduced into other parts of the
world (e.g., Oxyops was introduced in Florida as a biological control agent for the
Australian invasive species of Melaleuca; Oberprieler et al. 2014). The most widely
distributed genus within Gonipterini is Gonipterus, which can be found from Spain to
California, and southward to Brazil (Oberprieler et al. 2014).
General Biology and Ecology
Host associations
The biology of Gonipterini is well known from studies of three genera: Bryachus,
Gonipterus, and Oxyops (Oberprieler et al. 2014). Most adults range in size from 1-15
mm (excluding rostrum length) and have very robust, dark ovate bodies (Oberprieler et
al. 2014). The known host associations for Gonipterini all belong to the family
Myrtaceae, with most Gonipterini feeding exclusively on the genus Eucalyptus
(Oberprieler et al. 2014).
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Larvae Biology for Bryachus, Gonipterus, and Oxyops
The larvae of Bryachus, Gonipterus, and Oxyops are very well known in part due
their slimy appearance and are often found visibly feeding on eucalypt leaves
(Oberprieler et al. 2014). Females lay hard egg capsules in clusters on the topside of the
leaves (Oberprieler et al. 2014). The larvae emerge on the underside of the leaves by
boring through the egg capsule and leaf. The larvae do not possess legs, but crawl using
ventral ampullae (small hook-like projections arising ventrally under the mouthparts;
Oberprieler 2002). The larvae are covered in greenish mucus and their excrements
typically stick to this mucus forming a long excrement chain that can be manipulated to
act as a covering (Oberprieler et al. 2014). Once larvae have reached maturity, larvae fall
to the ground and burrow in the soil. Larvae then build a cocoon-like structure of mucus
and soil and pupate in the ground for one week (Syarbis) to upwards of a month (Oxyops;
Oberprieler et al. 2014).
Hyperini Marseul, 1863
Distribution. Hyperini consists of 44 genera and 500 described species (Oberprieler et
al. 2014). They are found worldwide; however, the majorities are in the Holarctic region,
including 370 species in the Palaearctic, 20 species in the Nearctic, 40 in the Neotropical,
16 in the Afrotropical, 45 in the Australo-Pacific and two in the Oriental region
(Oberprieler et al. 2014).
Biology and Ecology
Host associations
Adult and larval Hyperini are found on leaves and branches of woody and
herbaceous plants, including members of the families Apiaceae, Boraginaceae,
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Caryophyllaceae, Fabaceae, Myrtaceae, Polygonaceae, and Saxifragaceae (Oberprieler et
al. 2014).
Feeding strategies and oviposition
Larvae of Hyperini are mainly ectophytic, feeding on various plant organs (e.g.,
leaves, stems, buds, and flowers; (Oberprieler et al. 2014). Larvae of some genera from
Australia and the eastern Palearctic are leaf miners and are thought to represent a
secondary “return to endophyty” (Oberprieler et al. 2014). This “return” is mediated by
larvae being associated with thicker leaves or closed inflorescence and is thought to
provide protection from various predators and parasites (Oberprieler et al. 2014).
Females make small cavities/depressions at the base of leaves and/or stems with
their rostrum and deposit eggs (Oberprieler et al. 2014). Newly hatched larvae then crawl
toward the leaves and typically consume all the leaf excluding the veins (Oberprieler et
al. 2014). After larvae have fully developed, Hyperini larvae construct a cocoon on
leaves, branches, or trunks varying in color from white to silver, green, brown, and pink
to yellow (Costa et al. 2004).
Social behavior of larvae
A few Hyperini larvae (e.g., Brachypera vidua and Hypera postica) have been
observed exhibiting intraspecific aggression when searching for food, but will cease their
aggressive behavior after a suitable food source has been found (Oberprieler et al. 2014).
Costa et al. (2004) observed larval behavior that is not typically associated among
beetles. Larvae of Phelypera distigma have been observed displaying some social
gregarious behavior that are more typically associated among lepidopterans (moths and
butterflies) and a few chrysomelids (leaf beetles). The larvae of P. distigma are nomadic
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foragers and have been observed forming a rosette-like shape (presumably for
protection). Larvae have also been observed to leave trail pheromones as well as bobbing
their heads/vibrate in some sort of acoustic communication.
Phylogeny and evolution of Curculionidae
“Classification of Curculionidae into natural subfamilies and tribes probably remains
the largest outstanding problem in the higher classification of Coleoptera.” (Crowson
1955)
Fast forward nearly 60 years later, and many still agree with Crowson (e.g.,
Oberprieler et al. 2007, and McKenna et al. 2009). Relationships in this mega-diverse
clade of >50,000 species have proven difficult to resolve for several reasons.
Curculionidae appear to have originated in the mid-Cretaceous, about the same time that
angiosperms rose to ecological dominance (Magallón & Castillo 2009; McKenna et al.
2009; Bell et al. 2010). It would seem that several lineages developed in rapid
succession. The resulting short internal branches (McKenna et al. 2009) make it difficult
to reconstruct their relationships (Jordal et al. 2011). This problem is compounded by the
fact that datasets to date have been rather limited in phylogenetically informative
molecular and/or morphological characters, and in the extent of their taxon samples.
However, questions still remain about how Curculionidae became one of the
largest families of animals on Earth in such a relatively short time. Several hypotheses
have been proposed. Proposed innovations include geniculate antennae (Oberprieler et al.
2007) which may have originated in parallel with the rise of angiosperms, thus enhancing
speciation rates (particularly within Curculionidae; Farrell 1998). These innovations
seemingly worked synergistically and thus allowed for colonization of new plant
substrates creating new ecological niches and promoting an increase in survival rates
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(Oberprieler et al. 2007). However, it is interesting to note that colonizing angiosperms
alone does not easily explain the high species diversity of extant Curculionidae. In
Brentidae, (sister-group to Curculionidae), the number of species is ~4,000, but
Curculionidae contains >50,000 species. The only significant morphological difference
between the two groups is that brentids (except Nanophyinae) possess the typical weevil
antennae (orthocerous/straight) and curculionids posses the geniculate (bent) antennae.
This feature has proven vital, as antennal insertions determine the depth at which the
weevil can penetrate the plant substrate for food resources and/or preparation of
oviposition (Oberprieler et al. 2007). For the typical weevil antennal position, the
antennae have to be positioned further back on the rostrum in order to reach deeper
tissues, which also requires longer antennae and the club of the antennae becomes
increasingly important for manipulating the rostrum into place for oviposition to begin
(Oberprieler et al. 2007). The cycad-feeding weevil Antliarhinus zamiae (Brentidae) has
a rostrum twice the length of its body. This extremely long rostrum may be difficult for
the females to maneuver – they can be found stuck in cycad seeds. Thus, limitations on
rostrum morphology within Brentidae may have played a role in determining its
comparatively limited host range (e.g., magnoliids, monocots, and commelinids;
Oberprieler et al. 2007).
This limitation seems to have been circumvented with the evolution of the
geniculate antennae found in curculionids. The bent antennae allowed the rostrum to
penetrate plant substrates beyond the antennal insertion by elongating the scape (most
basal antennal segment) and folding it back into a groove parallel to the rostrum
(Oberprieler et al. 2007). This allows for the rostrum to be inserted up to the eyes and
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still permits the club of the antennae to pinpoint the location of where oviposition should
occur. The types of antennae and antennal insertions points therefore may have played a
role in propelling the huge radiation of curculionids.
Curculionid diversity may also result from their associations with angiospermous
(flowering) plants, with weevil diversification occurring along with, and subsequent to,
the mid-Cretaceous rise of angiosperms to widespread floristic dominance (McKenna et
al. 2009). Early angiosperms (e.g., Alismatales, Asparagales, Commelinales and Poales)
appear to have been important in early divergent curculionid groups (e.g., Brachycerinae
and Dryophthorinae). For example, extant brachycerines and dryophthorines are
associated exclusively with these groups of plants, while the more advanced curculionids
are associated with more advanced eudicots, core eudicots, rosids and asterids, and
appear to represent a secondary host shift (Oberprieler et al. 2007). Brentidae (the sistergroup to Curculionidae) are almost exclusively associated with these more advanced
angiosperms, but the diversity of Brentidae (540 genera and 4,400 species) is far less than
the diversity of Curculionidae (4,600 genera and 51,000 species). Thus, it seems that
early divergent curculionid associations with early divergent angiosperms helped to
propel species richness by allowing Curculionidae to exploit new ecological niches as
they coevolved with angiosperms (Oberprieler et al. 2007). An additional innovation that
may have played a major role in curculionid diversity is a shortened rostrum, as
evidenced by the root-feeding Entiminae and the wood-boring Platypodinae and
Scolytinae (accounting for nearly half of all curculionid species diversity; Oberprieler et
al.2007). Thus, it would appear that no single innovation or adaptation can explain the
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diversity of Curculionidae, but is most likely the synergy between several key
innovations and the exploitation of new ecological niches that account for the diversity of
Curculionidae.
It is this extraordinary diversity and rapid succession of many groups within
Curculionidae that have made resolving internal relationships within this group difficult
(McKenna et al. 2009). As such, the actual number of subfamilies recognized in the
literature varies between 10-28 and depend largely upon author preference, taxon
sampling (regional versus global), and tradition (Oberprieler 2014). This thesis thus
intends to provide a robust molecular phylogenetic framework for future weevil work to
both build upon and utilize.
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Chapter 2: Higher Level Phylogeny of Weevils
Introduction
The beetle superfamily Curculionoidea Latreille, 1802, is a monophyletic species
rich clade within the informal taxonomic grouping Phytophaga (Curculionoidea plus its
sister group Chrysomeloidea). With over 61,851 described species in ~5,584 genera
(!lipi"ski et al. 2011), weevils account for ~16% of all described beetle species
(Oberprieler et al. 2007). Weevils are easily recognized by their rostrum and mandibles
attached toward the tip (Thompson 1992). The vast majority of weevil species are
associated with plants (living, dead, or dying) with most species diversity residing in the
derived family Curculionidae (true weevils). The fossil record of Curculionoidea dates
back to the Upper Jurassic (~161-151 mya; Arnoldi et al.1977; Kuschel 1983). The
classification of superfamily Curculionoidea has undergone many family-level changes.
Schoenherr (1826) established two groupings for weevil species, those with orthocerous
(straight) antennae, and those with geniculate (bent) antennae (Oberprieler et al. 2007).
Crowson (1955) modernized weevil classification by proposing nine families utilizing
Schoenherr’s (1826) antennal arrangements. The orthocerous weevil families included:
Nemonychidae, Belidae, Oxycorynidae, Proterhinidae, Attelabidae, Brentidae,
Apionidae, and Anthribidae, with Curculionidae constituting the only family with
geniculate antennae.
Many modifications have been proposed since the publication of Crowson (1955)
to include between 22 and 7 families (Bouchard et al. 2011; Farrell 1998; Gillett et al.
2014; Kuschel 1995; Marvaldi et al. 2002; McKenna et al. 2009; McKenna 2011;
Morimoto 1962; Thompson 1992; Zimmerman 1993, 1994a). To date, the number of
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families within Curculionoidea is widely debated. Recent phylogenetic convention
recognizes six to seven families. This is based on Kuschel’s (1995) cladogram, from the
result of studying morphological characters (116 adult and 25 larval). Kuschel’s (1995)
results supported the delineation of multiple previously proposed family groups and
resulted in the recognition of six families (Nemonychidae, Anthribidae, Belidae,
Attelabidae, Brentidae and Curculionidae). Kuschel’s (1995) cladogram reclassified the
Oxycorynidae and Proterhinidae, previously proposed as separate families by Crowson
(1955), into the family Belidae. Additional morphological and molecular phylogenetic
studies (Farrell 1998; Gillett et al. 2014; Haran et al. 2013; Marvaldi et al. 2002;
McKenna et al. 2009) have followed Kuschel’s (1995) expanded family-level concepts,
and have added a seventh family (Caridae Thompson, 1992). The major discrepancy in
the number of families and family boundaries/concepts in Curculionoidea resides mainly
within the largest and most diverse family, Curculionidae (Oberprieler et al. 2007).
Curculionidae sensu lato (Oberprieler et al. 2007) is comprised of ~4,600 genera
and ~51,000 described species (Oberprieler 2014). Curculionidae make up over 80% of
all weevil species and contribute substantially to the species richness of Phytophaga
(Curculionoidea + Chrysomeloidea) and Coleoptera (beetles) as a whole (Oberprieler et
al. 2007). The family Curculionidae is one of the most diverse families of animals on the
planet (Staphylinidae; rove beetles having more described species ~74,000 species;
McKenna et al. 2015). The species diversity of Curculionidae is proposed to result in
large part from their associations with angiospermous plants, with weevil diversification
occurring along with, and subsequent to, the mid-Cretaceous rise of angiosperms (Bell
2010) to widespread floristic dominance (McKenna et al. 2009) as well as geniculate
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antennae to faciltate the rostrum in oviposition (Anderson 1995). It is this high taxonomic
diversity and many short internal branch lengths (representing the rapid succession of
many groups within Curculionidae) that have made resolving internal relationships within
this group difficult (Jordal et al. 2011; McKenna et al. 2009, McKenna 2011).
Increasing resolving power in phylogenetic analyses
One traditional means of increasing resolving power in molecular data sets has
been to sample more loci (Leaché & Rannal 2011; Lemmon et al. 2012). Leaché &
Rannal (2011) proposed species tree accuracy increased as the number of loci increased
(maximum of 100 loci were tested with 5.6-86.9 variable sites per 1kb of sequence data).
Recent studies have shown that hundreds of nuclear loci measuring ~1kb in length may
be needed to resolve difficult nodes created by short branch lengths due to rapid
radiations and recent divergences (Huang et al. 2010; Leaché & Rannal 2010).
A second way of increasing resolving power and/or nodal support has been to
increase the number of taxa sampled (Zwickl & Hills 2002). An increase in the number of
taxa sampled can help break up long branches, thereby improving phylogenetic accuracy,
and can also reduce homoplasy (Rokas & Carroll 2006; Huang et al. 2010). While
increased taxon sampling can increase phylogenetic accuracy, it can reduce nodal support
by introducing novel positional homoplasy (Heath et al. 2008). However, the relatively
low numbers of Curculionidae sampled to date, compared to the total diversity of the
clade, suggests that increased taxon sampling alone is likely to lead to more realistic
phylogenies.
A third traditional means of acquiring higher resolving power has been to select
and include loci with strong phylogenetic signal (Townsend 2007). Loci that show
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variation at an appropriate temporal scale/depth have proven instrumental in resolving
nodes across multiple time scales (Townsend 2007; Townsend et al. 2008). To date,
attempts to resolve relationships within superfamily Curculionoidea and within family
Curculionidae using molecular phylogenetic data and methods have been limited both in
taxon sampling and DNA sequence data (numbers of loci and nucleotides sampled; Haran
et al. 2013).
Single gene/locus dataset with morphological character support
Initial molecular studies of Curculionoidea employed single mitochondrial genes,
e.g., 16S (Wink et al. 1997). Wink et al. (1997) sampled 32 taxa, 18 of which were from
the family Curculionidae. The single semi-conserved stretch of 16S rDNA was unable to
recover the deeper branches within Curculionoidea with strong statistical support. Their
analysis did recover Curculionoidea as the sister to Chrysomeloidea as represented by
two chrysomelids outgroups (Monoxia and Ophraella) with strong nodal support.
Researchers then attempted the use of a nuclear gene, 18S rRNA (Farrell 1998; Marvaldi
et al. 2002). Farrell (1998) sampled 115 near complete 18S rRNA sequences from across
Phytophaga, 46 of these were from the superfamily Curculionoidea, and 35 were from the
family Curculionidae. It should be noted that the intent of this paper was to reconstruct
the evolutionary history of phytophagy within Phytophaga and not specifically to resolve
relationships within Curculionoidea. The results of phylogenetic analyses of these early
single-gene/locus molecular datasets provided reasonable results only after being
combined with adult morphological character data (Farrell 1998; Wink et al. 1997).
Marvaldi et al. (2002) also used a single nuclear gene (18SrDNA). Their intent was to
provide a phylogenetic framework for the families of Curculionoidea. A total of 100 taxa
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(which represented all families and major subfamilies) were sampled, including 80
species in ~30 subfamilies of Curculionidae. The resulting 50% major rule consensus tree
showed a monophyletic superfamily Curculionoidea (in agreement with both Wink et al.
1997, and Farrell 1998) as well as monophyletic families Nemonychidae, Anthribidae,
Belidae, Caridae, Brentidae, and Curculionidae; however, the phylogenetic placement of
each family did not receive strong nodal support on molecular data alone. Two major
groupings could nonetheless be observed: a first grouping that consisted of
Nemonychidae, Anthribidae, Belidae, and Attelabidae, and a second grouping containing
the families Caridae, Brentidae, and Curculionidae. The interrelationships of the
subfamilies of Curculionidae were not resolved, although there was statistical support for
some groups within Curculionidae (e.g., Bagoinae, Ceutorhynchinae, Baridinae,
Gonipterinae, Dryophthorinae, Cossoninae, Entiminae, Scolytinae, and Platypodinae).
Nodal support was recovered for most family level groups within Curculionoidea after
combining 115 adult and larval morphological characters with the 18S rDNA molecular
dataset. Support for the interrelationships of Brentidae and Curculionidae as well as the
subfamilial relationships was lacking .
Multiple gene datasets
Hundsdoerfer et al. (2009) recovered slightly more statistically supported trees
than earlier studies, by analyzing molecular data combined from multiple loci and
genomes (e.g., the mitochondrial genes 16S rRNA and the nuclear gene 18S rRNA for
157 Curculionoidea, most of which (111 taxa) were within Curculionidae; Hundsdoerfer
et al. 2009). The combined dataset suggested that the families Oxycorynidae + Belidae
were sister to all remaining Curculionoidea, while in the morphological studies of
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Kuschel (1995) and Marvaldi and Morrone (2000), Oxycorynidae was a subfamily of
Belidae (Oxycoryninae). The curculionid subfamily Lixinae was monophyletic, and they
recovered a clade comprising the subfamilies Entiminae, Hyperinae, Cyclominae, and
Cossoninae within Curculionidae, but with low nodal support.
McKenna et al. (2009) published a six-gene dataset containing data from two
mitochondrial genes (e.g., cytochrome oxidase I and 16S rRNA) and four nuclear coding
genes (e.g., 18S rRNA, 28S rRNA, EF1a, and AK). McKenna et al. (2009) sequenced
135 taxa (98 from Curculionidae) with a minimum of one exemplar for each major
subfamily of weevils (remains the only molecular study to date to include one
representative for each subfamily within Curculionoidea). The resulting tree contained
strong nodal support for the majority of the higher-level relationships within
Curculionoidea. Nemonychidae + Anthribidae were recovered as sister to Curculionoidea
with strong support (0.82 Bayesian PP). Anthribidae was also recovered derived from
within Nemonychidae with maximum support (1.0 Bayesian posterior probability). The
monophylies of multiple families (e.g., Anthribidae, Attelabidae, Belidae, Brentidae,
Caridae and Curculionidae) were also recovered. The subfamilies Ithycerinae and
Microcerinae were recovered within Curculionidae, as proposed by Kuschel (1995) based
on morphological data. However other phylogenetic stuides (e.g., Marvaldi et al. 2002
and Oberprieler et al. 2000) recovered these subfamilies within Brentidae. Nodal support
for most subfamilies of Curculionidae was low (when present), though the relationships
recovered were largely compatible with existing ideas based on morphological studies
(e.g., Thompson 1992). Despite tbe low statistical support for most curculionid
subfamilies, some general patterns emerged. The early-divergent curculionid subfamilies
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(e.g., Brachycerinae, Dryophthorinae, Ithycerinae, Microcerinae and Platypodinae)
possessed the “pedotectal” type of genitalia while the later derived subfamilies, (e.g.,
Entiminae, Cyclominae, and Molytinae) possessed the “pedal” type of male genitalia
(McKenna et al. 2009). In addition, McKenna et al. (2009) were the first to recover a
close relationship between Platypodinae and Dryophthorinae on the basis of molecular
data (.93 Bayesian posterior probability). This had previously been observed on the basis
of larval morphology (Marvaldi 1997). Unexpectedly, the wood boring Scolytinae were
recovered separate from Platypodinae and Cossoninae. This is in contrast to studies based
on morphological characters (e.g., Kuschel 1995), and suggests multiple origins of the
wood boring habit (McKenna et al. 2009).
Jordal et al. (2011) published a phylogeny for Curculionidae reconstructed using
data from 5 genes: mitochondrial CO1, four nuclear genes (28S rRNA, AK, CAD, and
EF1a), and 128 morphological characters for 105 species (mostly in the subfamily
Scolytinae (Jordal et al. 2011). This combination of multiple genes from many taxa
resulted in more statistically supported trees. The resulting topologies indicated the
wood-boring curculionid subfamilies Scolytinae and Platypodinae were sister groups
while the other wood boring subfamily (Cossoninae) was monophyletic and only
distantly related to Scolytinae. However, it must be stated the morphological dataset
contributed heavily to increasing nodal support and even in the combined datasets many
relationships remained ambiguous due to low nodal support.
Weevils and Next Generation Sequencing
Next generation sequencing (NGS) and associated methods have made it possible
to capture hundreds of loci for a given taxa; however, traditional NGS methods were only
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able to sequence one taxon at a time. A cheaper alternative has been to sequence the
smaller mitochondrial genome (upwards of 13 protein coding genes; Haran et al. 2013)
for a moderate number of taxa, as has been done by Haran et al. (2013) and Gillett et al.
(2014). Mitochondrial genomes have proven to be useful for reconstructing phylogenetic
trees; however, they are relatively expensive and time-consuming to produce (compared
to newer phylogenomic approaches), and therefore taxon sampling is usually relatively
limited (e.g., see Gillett et al. 2014). The first mitogenome dataset for weevils included
data from 12 protein-coding genes (cox1,cox2, cox3, cytb, nd3, nd6, atp6, atp8, nd1, nd4,
nd4l, nd5; ~10kb) for 27 taxa (4 taxa were missing one or more mitochondrial genes;
Haran et al. 2013). The resulting trees produced stong nodal support for most
relationships (although many subfamilies and two famlies were not sampled). Haran et al.
(2013) recovered family-level relationships consistent with McKenna et al. (2009).
Despite a very limited taxon sample, the resulting phylogenetic trees recovered two main
clades within Curculionidae. The first major clade was comprised of “broad-nosed”
weevils (e.g., Entiminae/Hyperinae) and the second contained all other sampled
subfamilies (e.g., Baridinae, Ceutorhynchinae, Cossoninae, Curculioninae,
Cryptorhynchinae, Lixinae and Molytinae).
The most recent mitogenome dataset attempted to address the deficiencies in
taxon sampling in Haran et al. (2013) by indexing a single library from pooled DNA of
multiple taxa and chose to sequence by utilizing a shot-gun NGS approach on single
Illumina MiSeq lane (Gillett et al. 2014). This methodology recovered complete or nearly
complete de novo mitogenomes for ~50% (92) of all samples attempted (173 attempted).
A total of 122 taxa from six different weevil families were analyzed, including 101 from
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Curculionidae. The resulting trees recovered the wood-boring subfamily Platypodinae
within the family Dryophthoridae sister to Curculionidae s. str. (Bouchard et al. 2011) as
previously proposed (Marvaldi 1997; McKenna et al. 2009; Haran et al. 2013).
Consistent with McKenna et al. (2009) and Haran et al. (2013), Gillett et al. (2014) also
recovered two derived curculionid clades with stronger nodal support. The first derived
clade included the mega diverse broad-nosed weevils (Entiminae + Cyclominae +
Hyperinae) and the second clade comprising all other curculionid subfamilies as
recovered by the less densely sampled dataset (Haran et al. 2013). However, the
interrelationships of the wood-boring subfamilies of Curculionidae (Cossoninae,
Platypodinae and Scoltyinae) was not resolved in Gillet et al. (2014).
Though mitochondrial genomes have been shown to have phylogenetic utility in
insects (e.g., Papadopoulou et al. 2010; Botero-Castro et al. 2013; Bernt et al. 2013) the
limited amount of data present in them (~15 protein coding genes) and base
compositional heterogeneity (e.g., Cameron 2014) make them less than ideal for studies
of difficult groups like the family Curculionidae.
The present study was designed to reconstruct a “backbone” phylogeny or
framework for the superfamily Curculionoidea via a novel NGS-based technique that has
not been widely used to date in insects. This approach, titled anchored phylogenomics
(aka anchored hybrid enrichment; AE; Lemmon et al. 2012), allows for the capture of
known pieces of target DNA from genomes that have not previously been sequenced.
This approach captures hundreds of nuclear genes that are known 1:1 orthologs, and can
be used to generate a high-resolution phylogeny. With an extensive sampling of nuclear
protein coding genes and carefully chosen weevil taxa, a statistically-robust phylogeny
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of Curculionoidea with a particular emphasis on the family Curculionidae was
reconstructed.
Materials and Methods
Taxon sampling
Studies have shown that four general issues must be addressed to accurately
reconstruct relationships among species (Swofford 1996; Heath et al. 2008): (1) targeting
genes appropriate for phylogenetic analysis (2) acquiring sufficient quality and quantity
of nucleotide or amino acid sequence data to provide statistical power (3) appropriate
analytical models and test (4) sufficient taxon sampling. This study has addressed these
four issues in an active attempt to resolve the problem of short internal branches
(presumably resulting from rapid taxonomic radiation in weevils; McKenna et al. 2009)
and long terminal branches (Rokas & Carroll 2006). To address the first issue, 941 - 1:1
orthologous loci that overlap between three large previously published datasets: a 13genome dataset containing 4,485 1:1 orthologs from Holometabola (Niehuis et al. 2012),
a 14-genome data set containing data from 2,549 1:1 orthologs from across Holometabola
(same as the previous, except including a neuropterid genome and a subset of loci;
McKenna 2014), and a transcriptome-based data set of 1,478 1:1 orthologous loci from
139 representatives of Arthropoda (Misof et al. 2014). Regarding the second issue of
quality and quantity of sequence data, we have targeted known 1:1 orthologs and
obtained hundreds of loci for each weevil sampled. Seventy-two exemplar weevil species
and 18 outgroups were sequenced, with careful consideration to sample early-divergent
representatives of all major groups of weevils.
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The finalized taxon selection included 72 weevils from all extant families and nearly
all subfamilies: Nemonychidae (Cimberidinae and Rhinorhynchinae; missing
representative from Nemonynchinae), Anthribidae (Anthribinae, Urodontinae and
Choraginae), Belidae (Oxycoryninae; missing representative of Belinae), Attelabidae
(Attelabinae, Rhynchitinae), Caridae (Carinae), Brentidae (Apioninae, Brentinae,
Eurhynchinae, Ithycerinae, Microcerinae; missing representative from Nanophyinae).
Curculionidae was represented by 44 genera and 48 species in 14 subfamilies
(Brachycerinae, Dryophthorinae, Platypodinae, Entiminae, Cyclominae, Molytinae, and
Scolytinae). In addition, two outgroups were sampled (Cucujus clavipes and Diabrotica
undecimpunctata).
Specimen imaging
Before beginning extractions, all samples were photographed using a Cannon
PowerShot camera through a dissecting scope. A total of three images were taken for
each specimen: (1) habitus dorsal (2) habitus ventral (3) habitus lateral. All images were
then cropped and otherwise edited, as needed, in AdobePhotoshop (Version 14.1.2).
Afterwards, genomic DNA was sent to Florida State Univeristy for library preparation
and enrichment for the loci of interest. Previously extracted specimens (those of which
had another individual to photograph) were reimaged to produce a higher-resolution
image using a new focus-stacking imaging system in the lab. The remaining specimens
were then reimaged using a Canon EOS70D digital camera attached to a power pole for
taking stacked images with ZereneStacker 2.0. For specimens less than 4 mm in length a
minimum of 20 images were taken (for stacking) using a micro lens (Canon MP-E 65
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mm lens). For specimens greater than 5 mm in length, an additional lens (Canon EF 100
mm lens) was used (10-20 stacks).
DNA extractions
Before beginning extractions, each sample was photographed, recorded, and
weighed. DNA extractions were performed using a genomic DNA extraction kit from G
Biosciences (OmniPrep). Each specimen was preserved in ethanol and the tissue that was
extracted was allowed to air dry to prevent excess ethanol from inhibiting lysing of
cellular tissue. Each specimen was placed in a 1.5ml eppendorf tube with an appropriate
amount of Genomic Lysis Buffer (250uL) and Proteinase K (1#l per 100#l of lysis
buffer). After the sample was homogenized, 250#L of additional lysis buffer was added.
The sample was then inverted five times and centrifuged at 6,000 rpm for 1-5 second
before incubating at 600 C for two hours. Each sample was then inverted five times at 30
minutes intervals to allow maximum contact with the lysis buffer and Proteinase K. At
one hour, each sample was then centrifuged again 6,000 rpm for one minute and put back
on the heat block for the remaining hour.
After the two-hour incubation period, each sample was allowed to cool to room
temperature before adding 200#l of chloroform. The sample was then inverted multiple
times to help facilitate the precipitation of proteins and separation of nucleic acids due to
the change of pH in the solution. After the inversions, each sample was centrifuged at
13,600rpm for 15 minutes and formed two easily distinguishable layers (DNA in the
upper phase and proteins in the lower phase- locating the ground up tissue remains
proved to be a good indicator of where the two phases met). The upper phase was
extracted and the lower phase (plus ground up extracted tissue) was then labeled and
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stored in -800C freezer as a voucher of the extracted specimen. The upper phase was then
treated with 50#l of DNA Stripping Solution and incubated for 10 minutes at 600C to rid
DNA of excess salt (as directed in the kit protocol).
After each sample cooled to room temperature, varying amounts of Precipitation
Solution was added in 50#l increments until a white precipitate remained in solution.
Next, each sample was centrifuged at 13,600rpm for 10 minutes and the supernatant was
then extracted. The supernatant was then treated with 500#l of cold isopropanol (stored at
-200C) and inverted 10 times to precipitate the DNA. The samples were then centrifuged
at 13,600rpm for 5 minutes. The supernatant was then decanted and 700#l of 70%
ethanol was added to wash the DNA pellet. The samples were then inverted several times
before centrifuging at 13,600rpm for 2 minutes. The ethanol was decanted and
(depending on the mobility of the DNA pellet) the tube/pellet were allowed to air dry
until all excess ethanol evaporated. Once all excess ethanol had been removed, 100#l of
TE buffer was added and then centrifuged at 6,000 rpm for 1-5 seconds. After
centrifuging, each sample was put on a heat block at 600C for 15 minutes (for the
rehydration of the DNA pellet). Each sample was then treated with 1#l of RNase-A
except for a 20#l aliquot that was kept separate for future work with rRNA genes.
Qubit Analysis for Quality Control
All samples were then analyzed on a Qubit 2.0 Fluorometer (Invitrogen) to
calculate total DNA concentration in each sample. DNA concentrations were recorded by
utilizing the Broad Range dye from Invitrogen Qubit dsDNS BR Assay Kit (2-1,00ng)
and testing each sample twice in the fluorometer. After each sample had a minimum of
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two readings the average was recorded and total DNA concentration was calculated by
multiplying the average amount of DNA per #l by the number of #l in the sample.
Probe Design and Anchored Phylogenomic Workshop
I attended a weeklong Anchored Phylogenomic workshop in March of 2013 at
Florida State University with Alan and Emily Lemmon (developers of Anchored
Phylogenomics; aka anchored hybrid enrichment, AE). During this week, a
bioinformatics pipeline established by Alan Lemmon was utilized to scan genomic and
transcriptome resources to serve as models in the initial AE probe design for utility across
Neuropteroidea (Coleoptera + Strepsiptera + Neuroptera). In order to maximize time
efficiency, an initial scan was performed (by Alan Lemmon) to assess the number of
identical orthologs from the intersection of a genome-based data set of 4,485 1:1
orthologous loci from Holometabola (Niehuis, McKenna & Misof et al. 2012) plus a 14genome data set containing data from 2,549 1:1 orthologs from across Holometabola
(same as the previous, except including a neuropterid genome and a subset of loci;
McKenna 2014), plus 1,478 1:1 single-copy nuclear-encoded loci from across Insecta
(1KITE-Misof et al. 2014), and two unpublished transcriptome data sets for Lepidoptera
and Trichoptera. The resulting intersection produced 1,654 potential orthologous loci
from which the 36 model taxa were then scanned to test for the presence of these 1,654
orthologous loci and to assess their phylogenetic utility (e.g., length, % identity, and copy
number). The approach was similar to that reported in Lemmon et al. (2012).
Molecular Data and Phylogenetic Analysis
An alignment of data from the 941 orthologous loci was performed by utilizing
specialized scripts written and performed by collaborator Alan Lemmon (Florida State
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University). The final aligned matrix included a total of 72 taxa (70 weevils plus two
outgroups) with 126,702 nucleotide positions. The dataset was then partitioned by loci for
a total of 690 partitions (the total number of loci analyzed; partitioning performed by
Alan Lemmon).
A phylogenetic analysis was implemented in RAxML version 7.4.2. (Stamatakis
2012) using the aligned matrix and aforementioned partitions. The final alignment had
82,837 distinct alignment patterns and 19.69% of the alignment was comprised of either
gaps and/or undetermined characters. A rapid bootstrap analysis was performed utilizing
the GTR+GAMMA model for 1,000 generations followed by a thorough maximum
likelihood search (10 replicates). The analysis was run on an Intel-based iMac and ran on
six threads (see Figure 1 and 2 for details on RAxML script).
After the rapid bootstrap analysis was completed, a .tre file was produced with all
1,000 trees from each generation. This .tre file was then opened in Mesquite version 3.03
(Maddison and Maddison 2011) and a 50% majority rule consensus tree was generated
(shown on page114) and exported to Adobe Illustrator for editing. Likewise, the
maximum likelihood search was also opened to Mesquite and then exported to Adobe
Illustrator (see Figure 3 and 4 for finalized trees)

/raxmlHPC-PTHREADS-SSE3-Mac -T 6 -f a -x 41 -m GTRGAMMA -p 502 -N 1000 -o
I2505_DDM2512_Cucujidae_Cucujinae_Cucujus_clavipes,I9914_ModelTranscriptome_
Chrysomelidae_Galerucinae_Diabrotica_undecimpunctata_EST2 -s
/Users/mckenna_lab/Desktop/AllWeevils/AllWeevils_RAxML_1000reps_GTRGAMMA
/P0024_ConcatLoci.phylip -n AllWeevils_RAxML_1000reps_GTRGAMMA.tre–q
/Applications/raxmlGUI.app/Contents/Resources/Scripts/raxmlgui/part.txt -O w/Users/mckenna_lab/Desktop/AllWeevils/AllWeevils_RAxML_1000reps_GTRGAMM
A
Figure 1. RAxML input for 1,000 rapid bootstrap algorithm
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./raxmlHPC-PTHREADS-SSE3-Mac -T 6 -f d -m GTRGAMMA -N 10 -O -p 966 -o
I2505_DDM2512_Cucujidae_Cucujinae_Cucujus_clavipes,I9914_ModelTranscriptome_
Chrysomelidae_Galerucinae_Diabrotica_undecimpunctata_EST2 –s
Users/mckenna_lab/Desktop/AllWeevils/AllWeevils_RAxML_1000reps_GTRGAMMA/
AllWeevils_RAxML_ML_search_GTRGAMMA/P0024_ConcatLoci.phylip -n
AllWeevils_ML_search.tre -q
/Applications/raxmlGUI.app/Contents/Resources/Scripts/raxmlgui/part.txt -w
/Users/mckenna_lab/Desktop/AllWeevils/AllWeevils_RAxML_1000reps_GTRGAMMA
/AllWeevils_RAxML_ML_search
Figure 2. RAxML program execution input for maximum likelihood search

Results
Superfamily Curculionoidea
/E;,@;FG:CB>L,QE9:JL;>;CBA,C@;;F,5F;;,3BLG@;,V,=>?,W7,FEJ];?,H=<BH=:,
H=<BHGH,:BD;:BEJJ?,8JJCFC@=Q,FGQQJ@C,5)$O17,5TSS^7,IJ@,WX,JI,XZ,>J?;F,5XZ^7,
]BCE,=>,=??BCBJ>=:,FB<,>J?;F,E=PB>L,FGQQJ@C,JI,[W^,J@,L@;=C;@\,In total 79% of the
nodes had MLBS of 94% or greater. I recovered family-level relationships that were
compatible with other recent studies (Marvaldi et al. 2002; McKenna et al. 2009;
Oberprieler et al. 2007) and maximal support for most family-level relationships (5 out 7
nodes; Figure 3 and 4). A clade comprised of Nemonychidae + Anthribidae was
recovered sister to all other weevil families (100% MLBS). Nemonychidae was rendered
paraphyletic by the placement of Anthribidae within Nemonychidae (100% MLBS),
consistent with McKenna et al. (2009). Belidae and Attelabidae were the only families
without maximal MLBS (70% and 59% MLBS respectively).
Both the 50% majority rule consensus tree (Figure 4) and the maximum
likelihood tree (Figure 3) recovered a monophyletic Belidae between Nemonychidae and
Anthribidae and Attelabidae (70% MLBS). A monophyletic Attelabidae was recovered
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sister to Caridae plus Brentidae and Curculionidae (59% MLBS). The family Caridae was
recovered with maximal statistical support. Brentidae was monophyletic and was sister to
a monophyletic Curculionidae with maximal statistical support.
Non-curculionid weevil families
Nemonychidae was paraphyletic due to the derived placement of the family
Anthribidae (Figure 3). Cimberidinae (Cimberis pilosa), was sister to Rhinorhynchinae +
Anthribidae with modest support (80% MLBS). The type subfamily for Nemonychidae
(Nemonychinae; Nemonyx) failed at the enrichment stage during sequencing, leaving this
one subfamily of Nemonychidae unsampled. Anthribidae was monophyletic, and was
recovered with maximal statistical support (100% MLBS); however, it was derived from
within Nemonychidae and only one exemplar from each subfamily of Anthribidae was
sampled (see Figure 3 and 4).
I recovered a monophyletic Belidae sister to Attelabidae with modest support
(70% MLBS). The subfamily Oxycoryninae (Oxycraspedus, Rhopalotria) was
monophyletic with maximal nodal support. The subfamily Belinae (represented by
Rhinotia) was excluded from analysis due to contamination with another sample before
sequencing; therefore, its placement relative to the other taxa of Belidae sampled remains
unclear. The family Attelabidae and subfamily Attelabinae (e.g., Euops sp. and Attelabus
erythropodus) were monophyletic, and had maximal statistical support, while the
monophyly of Rhynchitinae needs further testing. Caridae (Car condensatus) was
recovered with maximal nodal support, sister to Belidae + Curculionidae.
The family Brentidae (as classified in Oberprieler 2014) was monophyletic and
was recovered with maximal nodal support as the sister to Curculionidae. Ithycerus was
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the earliest divergent brentid, sister to all other brentids, with maximal statistical support
(100% MLBS). Apioninae was monophyletic with maximal support and positioned sister
to all the remaining brentid subfamilies (e.g., Brentinae + Eurhynchinae + Microcerinae)
with maximal support (Figure 3 and 4). Brentinae was rendered polyphyletic (according
to the current classification) by the position of Cylas formicarius (currently Cyladini;
formerly Cyladinae). Eurhynchinae was recovered as the sister to Brentinae +
Microcerinae with modest support (74% MLBS). The enigmatic Microcerinae was
recovered within Brentidae, with maximum nodal support, as the sister to Brentinae
(Cylas formicarius). The only subfamily of Brentidae that was not included in this
analysis was Nanophyinae. The initial representative (Nanophyes marmoratus) failed
during the enrichment stage, and therefore was not represented in this dataset.
The family Curculionidae
The majority of weevils sampled (48 out of 72) belonged to the family
Curculionidae. This study recovered a monophyletic Curculionidae sister to Brentidae
(100% MLBS). My results within Curculionidae are consistent with other recent studies
(e.g., Gillett et al. 2014, Haran et al. 2013, McKenna et al. 2009) in recovering two
generalized groups, the “basal” and “higher” curculionids. The basal curculionids
include Brachycerinae, Dryophthorinae and Platypodinae, and mostly retain the ancestral
pedoctectal type of male genitalia (McKenna et al. 2009; Thompson 1992) and the
“higher” curculionids consists of Conoderinae, Curculioninae, Cyclominae, Entiminae,
Lixinae, Mesoptiliinae, Molytinae and Scolytinae. The “higher” curculionids mostly
contain the derived pedal type of genitalia (McKenna et al. 2009). The “higher”
curculionids can also be broken into two loosely classified clades: (1) broad nose
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curculionids with ectophagous larvae, represented by Cyclominae, Entiminae and Hypera
(2), and the thin nosed curculionids (except for the wood-boring Scolytinae and
Cossoninae) with endophagous feeding larvae, represented by Conoderinae, Cossoninae,
Curculioninae, Molytinae, Scolytinae and the remaining curculionid subfamilies.
Subfamilies of Curculionidae
Early divergent curculionids
Brachycerinae was polyphyletic, and a total of four brachycerine clades were
recovered. The earliest divergent brachycerines (Ocladini- Ocladius and
Raymondionymini- Schizomicrus) were recovered sister to a monophyletic tribe
Brachycerini (e.g., Brachycerus and Synthocus; 100% MLBS). The Brachycerini were
recovered sister to an additional brachycerine clade + a paraphyletic clade containing
Dryophthorinae and Platypodinae (100% MLBS). The third brachycerine clade contained
Tanysphyrus, Lissorhoptrus, and Echinocnemus. Tanysphyrus was sister to Lissorhoptrus
and Echinocnemus with maximal MLBS and both Lissorhoptrus and Echinocnemus were
recovered as sister taxa with maximum MLBS support. The enigmatic brachycerine taxon
Bagous, was recovered outside of the other three brachycerine clades, in a position sister
to the “higher” weevil clade, with maximum MLBS support.
Dryophthorinae was rendered paraphyletic by the enigmatic subfamily
Platypodinae (73% MLBS), which was derived from within it, and received maximal
nodal support.
The higher/derived curculionids
The broad-nosed curculionid clade (Cyclominae, and Entiminae plus Hypera) was
monophyletic and sister to all of the other curculionid subfamilies minus Bagous,
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Brachycerinae, Dryophthorinae and Platypodinae, with maximal bootstrap support.
Contrary to other studies (e.g. Gillett et al. 2014; Haran et al. 2013), Hypera (Hyperini)
was recovered as the earliest divergent broad-nosed weevil, sister to Entiminae +
Cyclominae with maximum bootstrap support. Entiminae was rendered paraphyletic by a
monophyletic Cyclominae (minus Oxyops) with very strong support (99% MLBS).
The thin-nosed curculionid clade (Conoderinae, Cossoninae, Curculioninae,
Molytinae and Scolytinae) was recovered sister to the external feeding, broad-nosed
curculionids with maximal nodal support. All of the subfamilies within this derived clade
were recovered as either polyphyletic (Conoderinae, Curculioninae and Molytinae) or
paraphyletic (Scolytinae). Scolytinae was rendered paraphyletic by Anthonomus grandis
(Curculioninae) and had low nodal support (54% MLBS). Although this clade lacked
strong nodal support, some general statements can be made. For instance,
Cryptorhynchus lapthi was recovered sister to Sympiezoscelus spencei with maximal
bootstrap support; consistent with placement of the former Cryptorhynchinae within
Molytinae. It is interesting to note that Oxyops sp. was the only cyclomine not recovered
near or within the other five cyclomines. Instead, it was recovered with maximal support
sister to Haplonyx (Curculionidae). It remains unclear whether the specimen was
misidentified, or the current classification of Oxyops (in Cyclominae) is incorrect, though
the former seems likely.
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Figure 3.
Maximum
Likihood tree for
weevils obtained
from a maximum
likelihood tree
search in RAxML
using the GTR GAMMA model
and partioned by
loci. Maximum
likelihood
bootstrap values !
50% are shown on
the tree.
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Discussion
Superfamily Curculionoidea and non-curculionid weevil families
My results place the family Anthribidae derived from within Nemonychidae with
maximum MLBS support, and together these were sister to the remaining weevil
families, as suggested by Marvaldi et al. (2002) and McKenna et al. (2009), but with
higher nodal support than each of the previous two studies (100% MLBS). This clade
was not recovered by the recent mitogenome studies of Haran et al. (2013) or Gillett et
al. (2014). Haran et al. (2013) recovered Nemonychidae (Doydirhynchus), followed by a
separate node consisting of Anthribidae (Platystomos), with maximum BS support.
Gillett et al. (2014) recovered Anthribidae (Platystomos + undefined anthribid), spilt off
at the most basal node sister to Nemonychidae, with near maximal MLBS (99%).
However, each of these topologies was recovered by using the same taxa for each family
and only one representative for each family (except for Gillett et al. 2014 which sampled
two anthribids). Both of these studies did not sample any representatives from two
“primitive” weevil families Belidae and Caridae.
I did not sample a representative from the subfamily Nemonychinae (Nemonyx
failed at enrichment stage during library preparation stage). Consequently, the subfamilylevel phylogeny of Nemonychidae + Anthribidae remains unclear. Nonetheless, based on
the resulting phylogeny, I believe that future weevil classification will come to recognize
that Nemonychidae (minus Cimberidinae) and Anthribidae should be considered as one
family with an earliest divergent type (current Nemonychidae) and a derived later
divergent type (current Anthribidae).
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Within the family Anthribidae, the subfamily Urodontinae (Urodontus
mesemoides) was recovered as the earliest divergent anthribid (100% MLBS), which is
contrary to the results of McKenna et al. (2009). McKenna et al. (2009) recovered
Urodontinae (Urodontus and Bruchela) outside of Anthribidae, and sister to the clade
(Attelabidae+Caridae+Brentidae+Curculionidae) with moderate support (0.92 Bayesian
posterior probability). Historically, this subfamily had been proposed to be its own
separate family (e.g., Crowson 1984), but was eventually moved to a subfamily within
Anthribidae by Kuschel (1995). My results support the classification of Kuschel (1995)
in that Urodontinae would be best served as a subfamily within Anthribidae, rather than
as its own separate family.
Despite the lack of strong nodal support, relationships within the clades
containing Belidae and Attelabidae are consistent with recent phylogenetic studies
(Anderson 1995; Marvaldi et al. 2002; McKenna et al. 2009; Oberprieler et al. 2007).
The family Attelabidae had the lowest support of all family-level nodes in this study
(59% MLBS).
The family Caridae recovered in this study was recovered with maximum nodal
support sister to Brentidae + Curculionidae, thus confirming proposals by Zimmerman
(1994a), Marvaldi et al. (2002), and Oberprieler et al. (2007) that Caridae should be its
own separate family, instead of a subfamily within an expanded Brentidae, as proposed
by Kuschel (1995).
The clade Brentidae + Curculionidae was recovered with maximum nodal
support. Within Brentidae, the historically enigmatic subfamilies Ithycerinae and
Microcerinae were placed within Brentidae with strong nodal support. The monotypic
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subfamily Ithycerinae has moved from its own separate family (e.g., Thompson 1992,
Kuschel 1995, Lawrence & Newton 1995), a subfamily within Curculionidae (e.g.,
Morimoto 1976, Kuschel 1995, McKenna et al. 2009, McKenna 2011), and a subfamily
within Brentidae (e.g., Marvaldi 1997, Oberprieler 2000, Marvaldi et al. 2002,
Oberprieler et al. 2007). Ithycerinae was the earliest divergent brentid subfamily. Sister
to Ithycerinae was a clade comprising the other subfamilies, including a monophyletic
Apioninae sister to a paraphyletic Brentinae + Eurhynchinae + Microcerinae with
maximum support. I recovered a paraphyletic Brentinae due to the placement of Cylas
formicarius, suggesting that the current expanded classification of Brentinae (Sforzi et al.
2014) may need further refinement.
Historically, Microcerinae has moved around from belonging within Brentidae
(Marvaldi et al. 2002, Oberprieler 2000, Oberprieler et al. 2007), to within earlier
divergent Curculionidae (e.g., a near relative of Brachycerinae (Anderson 1995;
McKenna et al. 2009; McKenna 2011; Thompson 1992). Microcerinae were most
recently believed to be an earlier divergent subfamily within Brentidae (Oberprieler et al.
2007) due to their larval feeding habits (external feeding on roots of angiospermous
plants in the soil). Louw (1995), Marvaldi (1997), and Thompson (1992) proposed a
more basal placement within the curculionid subfamily Brachycerinae due to several
larval morphological characters. My results suggest that Microcerinae (Episus) should be
classified within Brentidae, but as a more derived brentid (according to the brentids
sampled; 100% MLBS). This derived placement within Brentidae is in contrast with the
placement of Microcerinae based on analyses of morphological data and their feeding
habits (mentioned above; Marvaldi & Morrone 2000, Oberprieler et al. 2007). My results
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also indicate that Microcerinae is related to the former subfamily Cyladinae (Cylas
formicarius). This placement of Episus as a near relative of Cylas is new, and has not
been recovered in other studies. Although recovered with maximal statistical support, the
lack of an exemplar from Nanophyinae is notable, particularly since Cylas was recovered
with Nanophyes marmoratus in McKenna et al. (2009). Whatever the case, other
relationships could emerge with further sampling.
The family Curculionidae
This study was primarily focused on recovering the backbone phylogeny of
Curculionoidea; however, I was also able to recover strong to moderately strong support
for a majority of relationships within Curculionidae.
Early divergent curculionids
The largely monocot associated curculionids (e.g., Brachycerinae, and
Dryophthorinae) were early divergent within Curculionidae and are consistent with the
results from various other phylogenetic studies (e.g., Gillett et al. 2014; Haran et al.
2013; McKenna et al. 2009). Taxon sampling of Brachycerinae is the most extensive in a
molecular dataset since McKenna et al. (2009). Under the current classification of
Brachycerinae, Brachycerinae was polyphyletic in accordance with McKenna et al.
(2009). However, unlike McKenna et al. (2009), the present data and analyses recovered
stronger nodal support for these relationships, and Bagous was recovered in a position
rather distant from other brachycerines. Ocladius and Schizomicrus formed a clade with
maximum bootstrap support, sister to the remaining Curculionidae. McKenna et al.
(2009) recovered Schizomicrus sister to Brachycerus with moderate support (0.89
Bayesian PP) and Ocladius was recovered in a clade with Bagous (0.86 Bayesian PP). A
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monophyletic Brachycerini was recovered with maximum support, sister to a clade
containing: (Tanysphyrus, Lissorhoptrus and Echinocnemus) + Dryophthorinae +
Platypodinae.
Platypodinae was derived from within Dryophthorinae with moderate support
(73% MLBS). This was not unexpected given the previous relationship between these
taxa, recovered by McKenna et al. (2009) and Gillett et al. (2014). However, it remains
unclear whether Platypodinae renders Dryophthorinae paraphyletic, or whether they are
sister taxa (the latter is most likely). The dryophthorines Sitophilus and Rhynchophorus
were recovered as sister taxa (100% MLBS), consistent with McKenna et al. (2009). The
small tribe Bagoini (Bagous) was sister to all remaining derived curculionid subfamilies,
with maximal MLBS support. While Bagous has historically been included in
Brachycerinae, my results (along with Gillett et al. 2014) support the most recent
classification (Oberprieler et al. (2014) that Bagous should not be classified within
Brachycerinae, but should be treated as its own separate subfamily.
While I recovered more resolution and nodal support among the early divergent
curculionids than other studies to date, more taxa need to be sampled to gain a reasonably
comprehensive view of curculionid relationships. This study indicates Brachycerinae,
together with Dryophthorinae and Platypodinae, form early-divergent lineages within
Curculionidae as demonstrated multiple times by other workers (Gillett et al. 2014;
Haran et al. 2013; Marvaldi et al. 1997; McKenna et al. 2009). The majority of members
within this clade posses the plesiomorphic pedoctectal type of male genitalia; however,
some taxa (e.g., Bagous and Schizomicrus) posses the derived pedal type of genitalia
found in most other curculionids (Thompson 1992).
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Deep splits within Curculionidae
A clade was recovered of derived curculionids similar to that of Haran et al.
(2013) and Gillett et al. (2014), with a few exceptions. Haran et al. (2013) recovered two
main clades with maximal nodal support from a MLBS analysis. One clade contained the
subfamilies Entiminae/Hyperinae and the other contained a suite of others (e.g.,
Baridinae, Ceutorhynchinae, Cossoninae, Curculioninae, Cryptorhynchinae, Lixinae, and
Molytinae) sister to the wood boring Scolytinae. The present results are more similar to
Gillett et al. (2014) in recovering Cyclominae in the clade with Hypera + Entiminae, but
with higher nodal support.
The present results are largely compatible with Haran et al. (2013) and Gillett et
al. (2014) in that the genus Hypera was sister to Cyclominae + Entiminae. Placement of
Leptopius and Catasarcus as sister taxa in this study (100% MLBS) was also found in
Gillett et al. (2014). However, my placement of the genus Polydrusus differs
substantially from Haran et al. (2013) and Gillett et al. 2014. Both Haran et al. (2013)
and Gillett et al. (2014) recovered Polydrusus as highly derived within Entiminae (73%
MLBS); however, my results suggests that Polydrusus is the earliest divergent entimine
and was recovered as the sister to all other sampled entimines + Cyclominae with
maximal support (100% MLBS).
The placement of Oxyops outside of Cyclominae, is surprising as no other
phylogenetic study to date has shown this particular relationship with Oxyops. Other
studies (e.g., Hundsdoerfer et al. 2009; Hunt et al. 2007; Marvaldi et al. 2002; McKenna
et al. 2009) have shown some support for Oxyops belonging within a clade comprising of
Entiminae, Cyclominae, and Hyperini. The topology recovered in this analysis could
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represent a misidentified specimen, contamination, or possibly the product of the poor
classification within Curculionidae. The tribe Gonipterini (current placement of Oxyops)
has historically moved around within Curculionidae as its own subfamily, but was later
incorporated into Brachycerinae by Kuschel (1995). Marvaldi (1997) later moved
Gonipterini, Listroderini and Aterpini into Rhythirrininae as the sister to Entiminae based
on larval morphology. Morrone (1997) also utilized the new classification provided by
Marvaldi (1997), but failed to provide adequate support for the concept of the new
subfamily and its relationships of the group. This classification was later adopted in
Alonoso-Zarazaga & Lyal (1999) and it became a tradition for Gonipterini to be
classified along with Entiminae and Cyclominae. Oberprieler (2010) later excluded
Gonitperini from this subfamily and placed it within a tribe within Curculioninae, which
is supported in this analysis as Oxyops was recovered as the sister to Haplonyx
(Curculioninae) with maximal nodal support.
Maximum MLBS support was recovered for nearly all nodes within Entiminae.
My analysis also agreed upon the clade recovered by Gillett et al. (2014) Entiminae +
Hyperinae + Cyclominae; however, I did not include the taxon Sitona (Entiminae), which
rendered Entiminae paraphyletic in Gillett et al. (2014).
Thin-nosed weevils
I recovered similar results as other studies (e.g., Gillett et al. 2014; Haran et al.
2013; McKenna et al. 2009) for the thin-nosed weevil clade. This clade generally lacked
strong nodal support. Although the majority of this clade is unsatisfactorily resolved,
some patterns do emerge. Scolytinae is more closely related to Conoderinae and
Curculioninae than to Platypodinae, as noted by McKenna et al. (2009) and Jordal et al.
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(2011). The placement of Anthonomus within Scolytinae was unexpected, but nodal
support was very low (54 % MLBS). The subfamily Molytinae appears to be highly
derived within Curculionidae, as in other studies (e.g., Gillett et al. 2014; Haran et al.
2013; McKenna et al. 2009; Oberprieler et al. 2007). The remaining nodes within this
clade do not have enough statistical support to make assumptions about relatonships or
evolution. Ultimately, the classification of the family Curculionidae into subfamilies and
tribes remains problematic.
Conclusions and future phylogenomic progress
Attempts at resolving relationships among the mega diverse clade Curculionoidea
has historically been difficult, and although 79% of the present ML tree had maximum
likelihood bootstrap support of 94% or greater, there are still some poorly resolved and
unresolved clades, especially within Curculionidae (see Figure 3 and 4). However, this
was the first use of anchored phylogenomics in beetles, and the results look promising. I
recovered family-level relationships that were compatible with other recent studies
(Marvaldi et al. 2002; McKenna et al. 2009; Oberprieler et al. 2007) as well as maximal
MLBS support for most family-level relationships (5 out 7 nodes). Nemonychidae +
Anthribidae were recovered together as the sister to all other weevils (100% MLBS). I
recovered (for the first time) maximal statistical support for the monophyly of both
Brentidae and Curculionidae. The enigmatic subfamilies Ithycerinae and Microcerinae
were recovered within Brentidae with maximal support. The subfamily Platypodinae
(Austroplatypus), was recovered sister to Dryophthorinae (Dryophthoroides) with modest
support (73% MLBS). Maximal MLBS was recovered for the clade Dryophthorinae +
Platypodinae.
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I did not recover any of the curculionid subfamilies (e.g., Brachycerinae,
Curculioninae, Dryophthorinae, Entiminae, Molytinae) as monophyletic. However,
although many of the derived nodes were not strongly supported, the results were largely
congruent with other recent studies (Gillett et al. 2014; Haran et al. 2013; McKenna et al.
2009). For instance, the recovery of two derived clades within Curculionidae was again
recovered.
Future phylogenomic and phylogenetic work
Weevil classification has taken many steps forward in the past ten years, but there
are still many unresolved questions. The outlook on anchored phylogenomics and its
utility in weevils appears promising. This initial dataset was meant as a test of the power
and utility of the approach. Therefore, much more work remains.
Any future phylogenomic work should include exemplars of the subfamilies
Belinae and Nemonychinae, which were missing from this dataset. As mentioned earlier,
this is the first part of a large collaborative project – the 1K Weevils Project. The IK
Weevil Project plans to sample as many as 1,000 weevils, which would be the largest and
most extensive taxon sample of weevils in a molecular phylogenetic study to date. A
refined anchored phylogenomic probe set is underway that should facilitate resolution of
remaining difficult relationships.
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